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1. INTRODUCTION

Intrinsic infrared detectors in the long-wavelength range (6 - 20 pm) are based on
interband transition which promotes an electron across the band gap (Eg) from the
valence band to the conduction band as shown in Fig. 1. These photoexcited-electrons
can be collected efficiently, thereby producing a photocurrent in the external circuit.
Since the incoming photon has to excite an electron from the valence band to the
conduction band, the energy of the photon (hv) must be higher than the Eg of the
photosensitive material. Therefore, the spectral response of the detectors can be tuned by
controlling the Eg of the photosensitive material. Examples for such materials are Hgj.
xCdxTe and Pb;4xSniTe in which the energy gap can be controlled by varying x. This
means detection of very long-wavelength infrared (VLWIR; >12 um) radiation up to 20
um requires small band gaps down to 62 meV. It is well known that these low band gap
materials are more difficult to grow and process than large band gap semiconductors such
as GaAs. These difficulties motivate the exploration of utilizing the intersubband
transitions in multi-quantum-well (MQW) structures made of large band gap
semiconductors (Fig. 2).

The idea of using MQW structures to detect infrared radiation can be explained by using
the basic principles of quantum mechanics. The quantum well is equivalent to the well
known particle in a box problem in quantum mechanics, which can be solved by the time
independent Schrodinger equation. The solutions to this problem are the Eigen values
that describe energy levels inside the quantum well in which the particle is allowed to
exist. :

The position of the energy levels are primarily determined by the quantum well
dimensions (height and width). For infinitely high barriers and parabolic bands, the
energy levels in the quantum well are given by (Weisbuch, 1987)
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Fig. 1. Band diagram of conventional intrinsic infrared photodetector. (Gunapala and Bandara, 1995)
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Fig. 2. Schematic band diagram of a quantum well. Intersubband absorption can take place between the
energy levels of a quantum well associated with the conduction band (n-doped) or the valence band
(p-doped). (Levine, 1993)



where L,, is the width of the quantum well, m” is the effective mass of the carrier in the
quantum well, and j is an integer. Thus the intersubband energy between the ground and
the first excited state is

(E,-E,)=@3r’n* /12m'L2) 2

The quantum well infrared photodetectors (QWIPs) discussed in this article utilize the
photoexcitation of electron (hole) between the ground state and the first excited state in
the conduction (valance) band quantum well (See Fig. 2). The quantum well structure is
designed so that these photoexcited carriers can escape from the quantum well and be
collected as photocurrent. In addition to larger intersubband oscillator strength, these
detectors afford greater flexibility than extrinsically doped semiconductor infrared
detectors because the wavelength of the peak response and cutoff can be continuously
tailored by varying layer thickness (quantum well width) and barrier composition (barrier
height).

The lattice matched GaAs/A 1,Gaj.xAs material system is a very good candidate to create
such a quantum well structure, because the band gap of A1Ga.xAs can be changed
continuously by varying x (and hence the height of the quantum well). Thus, by
changing the quantum well width Ly, and the barrier height (A1 molar ratio of Al;Ga-
xAs alloy), this intersubband transition energy can be varied over a wide range, from
short-wavelength infrared (SWIR; 1-3 um), the mid-infrared (MWIR; 3-5 pm), through
long-wavelength (LWIR; 8-12 pm) and into the VLWIR (>12 pum). It is important to note
that unlike intrinsic detectors which utilize interband transition, quantum wells of these
detectors must be doped since the photon energy is not sufficient to create photocarriers
(hv <Eyp).

The possibility of using GaAs/A1xGa.xAs MQW structures to detect infrared radiation
was first suggested by Esaki et al. (1977), experimentally investigated by Smith et al.
(1983), and theoretically analyzed by Coon et al. (1984). The first experimental
observation of the strong intersubband absorption was performed by West et al. (1985),
and the first QWIP was demonstrated by Levine ef al. (1987b) at Bell Laboratories.
Levine et al. (1988c) also introduced QWIP involving bound-to-continuum intersubband
transitions with wider A1Ga .xAs barriers and demonstrated dramatically improved
detectivity. Recent developments in these detectors have already led to the demonstration
of large (up to 640x486) high-sensitivity staring arrays by several groups (Bethea et al.,
1991, 1992, 1993; Kozlowski et al., 1991; Beck et al., 1994; Gunapala et al., 1997a,
1997b, 1998a; Andersson et al., 1997; Choi et al., 1998b; Breiter et al., 1998).



2. COMPARISON OF VARIOUS TYPES OF QWIPs
2.1 n-Doped Bound-to-Bound QWIPs

As mentioned previously, the first bound-to-bound state QWIP was demonstrated by
Levine et al. (1987b), which consisted of 50 periods of Ly = 65 A GaAs and I, =95 A
Alg25Gag.75As barriers sandwiched between top (0.5 um thick) and bottom (1 pm thick)
GaAs contact layers. The center 50 A of the GaAs wells were doped to Np = 1.4x1018
cm-3 and the contact layers were doped to Np = 4x1018 cm-3. This structure was grown
by molecular beam epitaxy (MBE). These thicknesses and compositions were chosen to
produce only two states in the quantum well with energy spacing give rise to a peak
wavelength of 10 um. The measured (Levine ef al., 1987b) absorption spectra peaked at
Ap =10.9 um with a full-width at half-maximum of Av = 97 cm-1. The peak absorbance a
= -log(transmission) = 2.2x10-2 corresponds to a net absorption of 5% (i.c., a= 600 cm-

1).

After the absorption of infrared photons, the photoexcited carriers can be transported
either along the plane of quantum wells (with an electric field along the quantum wells).
or perpendicular to the wells (with an electric field perpendicular to the epitaxial layers).
As far as the infrared detection is concerned, perpendicular transport is superior to
parallel transport (Wheeler and Goldberg, 1975) since the difference between the excited
state and ground state mobilities is much larger in the latter case, and consequently,
transport perpendicular to the quantum wells (i.e., growth direction) gives a substantially
high photocurrent. In addition, the heterobarriers block the transport of ground state
carriers in the quantum wells, and thus lower dark current. For these reasons, QWIPs are
based on escape and perpendicular transport of photoexcited carriers as shown in Fig. 3.

In the latter versions of the bound-to-bound state QWIPs, Choi ef al. (1987c) has used
slightly thicker and higher barriers to reduce tunneling induced dark current. When they
increased the barrier thickness from Ly = 95 A to 140 A and A1,Gaj.xAs barrier height
from x=0.25 to 0.36, the dark current (also the photocurrent) was significantly reduced.
The nonlinear behavior of the responsivity and the dark current versus bias voltage
observed in the bound-to-bound QWIPs is due to the complex tunneling process
associated with the high-field domain formation (Choi et al., 1987c).

2.2 n-Doped Bound-to-Continuum QWIPs

In the previous section, we mentioned the QWIP containing two bound states. By
reducing the quantum well width, it is possible to push the strong bound-to-bound
intersubband absorption into the continuum, resulting in a strong bound-to-continuum
intersubband absorption. The major advantage of the bound-to-continuum QWIP is that
the photoexcited electron can escape from the quantum well to the continuum transport
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Fig. 3. Conduction-band diagram for a bound-to-bound QWIP, shbwing the photoexcitation (intersubband
transition) and tunneling out of well. (Levine, 1993)
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Fig. 4. Conduction-band diagram for a bound-to-continuum QWIP, showing the photoexéitation and hot-
electron transport process. (Levine, 1993)

states without tunneling through the barrier as shown in Fig. 4. As a result, the bias
required to efficiently collect the photoelectrons can be reduced dramatically, and hence
lower the dark current. Due to the fact that the photoelectrons do not have to tunnel
through the barriers, the A1,Gaj.xAs barrier thickness of bound-to-continuum QWIP can
be increased without reducing the photoelectron collection efficiency. Increasing the
barrier width from a few hundred A to 500 A can reduce the ground state sequential



tunneling by an order of magnitude. By making use of these improvements, Levine et al.
(1990a) has successfully demonstrated the first bound-to-continuum QWIP with a
dramatic improvement in the performance (i.e., detectivity 3x1010 cmVHz/W at 68 K for
a QWIP which had cutoff wavelength at 10 um).

2.3 n-Doped Bound-to-Quasibound QWIPs

Improving QWIP performance depends largely on minimizing the parasitic current (i.e.,
dark current) that plagues all light detectors. The dark current is the current that flows
through a biased detector in the dark (i.e., with no photons impinging on it). As Gunapala
and Bandara (1995) have discussed elsewhere, at temperatures above 45 K (typical for A
< 14 um), the dark current of the QWIP is entirely dominated by classical thermionic
emission of ground state electrons directly out of the well into the energy continuum.
Minimizing the dark current is critical to the commercial success of the QWIP as it
allows the highly-desirable high-temperature detector operation.

Therefore, Gunapala and Bandara (1995) have designed the bound-to-quasibound
quantum well by placing the first excited state exactly at the well top as shown in Fig. 5.
The best previous QWIPs pioneered by Levine et al. (1988c) at AT&T Bell Laboratories
were of the bound-to-continuum variety, so-called because the first excited state was a
continuum energy band above the quantum well top (typically 10 meV). Dropping the
first excited state to the quantum well top causes the barrier to thermionic emission
(roughly the energy height from the ground state to the well top) to be ~ 10 meV more in
bound-to-quasibound QWIP than in the bound-to-continuum one, causing the dark
current to drop significantly at elevated operating temperatures. The advantage of the
bound-to-quasibound QWIP over the bound-to-continuum QWIP is that in the case of
bound-to-quasibound QWIP the energy barrier for the thermionic emission is the same as
it is for the photoionization as shown in Fig. 5 (Gunapala and Bandara, 1995). In the case
of a bound-to-continuum QWIP the energy barrier for the thermionic emission is 10 -

15meV less than the photoionization energy. Thus, the dark current of bound-to-
AE

quasibound QWIPs is reduced by an order of magnitude (i.e., I, o< e M=e?2 for T =
55K) as shown in Fig. 5.

2.4 n-Doped Broad-band QWIPs

A broad-band MQW structure can be designed by repeating a unit of several quantum
wells with slightly different parameters such as quantum well width and barrier height.
The first device structure (shown in Fig. 6) demonstrated by Bandara et al. (1998a) has
33 repeated layers of GaAs three-quantum-well units separated by Ly~ 575 A thick
A1,Ga_As barriers (Bandara et al., 1998b). The well thickness of the quantum wells of
three-quantum-well units are designed to respond at peak wavelengths around 13, 14, and
15um respectively. These quantum wells are separated by 75 A thick A1,Ga_As
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Fig. 5. Comparison of dark currents of bound-to-continuum and bound-to-quasibound VLWIR QWIPs as a
function of bias voltage at temperature T = 55 K. (Gunapala et al., 1997a)

barriers. The A1 mole fraction (x) of barriers throughout the structure was chosen such
that the A, = 13 um quantum well operates under bound-to-quasibound conditions. The
excited state energy level broadening has further enhanced due to overlap of the wave
functions associated with excited states of quantum wells separated by thin barriers.
Energy band calculations based on a two band model shows excited state energy levels
spreading about 28 meV. An experimentally measured responsivity curve at Vg =-3 V
bias voltage has shown broadening of the spectral response up to AA ~ 5.5 um, i.e. the
full width at half maximum from 10.5-16pum. This broadening AA/A, ~ 42 % is about a
400 % increase compared to a typical bound-to-quasibound QWIP.



10
GaAs
\@2 ®
O ¥ I ~ " ©
e Lul I
~ ®© Al,Ga;,As
e~ L
Ly
x REPEAT UNIT Ls ®e,

| ]
|

Fig. 6. Schematic diagram of the conduction band in broadband QWIP in an externally applied electric
field. The device structure consists of 33 repeated layers of three-quantum-well units separated by thick
A/,Ga,4As barriers. Also shown are the possible paths of dark current electrons and photocurrent electrons
of the device under a bias (Bandara et al., 1998b)

2.5 n-Doped Bound-to-Bound Miniband QWIPs

The superlattice miniband detector uses the concept of infrared photoexcitation between
minibands (ground state and first excited state) and transport of these photoexcited
electrons along the excited state miniband. When the carrier de Broglie wavelength
becomes comparable to the barrier thickness of the superlattice, the wave functions of the
individual wells tend to overlap due to tunneling, and energy minibands are formed. The
miniband occurs when the bias voltage across one period of the superlattice becomes
smaller than the miniband width (Capasso et al., 1986).

Experimental work on infrared detectors involving the miniband concept was initially
carried out by Kastalsky et al. (1988). The spectral response of this GaAs/A1GaAs
detector was in the range 3.6-6.3 um and indicated that low-noise infrared detection was
feasible without the use of external bias. O ez al. (1990) reported experimental
observations and related theoretical analysis for this type of detectors with absorption
peak in the LWIR spectral range (8-12 um). Both these detectors consist of a bound-to-
bound miniband transition (i.e., two minibands below the top of the barrier) and a graded
barrier between the superlattice and the collector layer as a blocking barrier for ground-
state miniband tunneling dark current.

In order to further reduce ground-state miniband tunneling dark current, Bandara et al.
(1992) used a square step barrier at the end of the superlattice. This structure, illustrated
in Fig. 7(a), was grown by MBE and consists of 50 periods of 90A GaAs quantum wells
and 45A A1y ,1Gag79As barriers. A 600A Alg 15Gag gsAs blocking layer was designed
so that it has two minibands below the top of the barrier with the top of the step blocking
barrier being lower than the bottom of the first excited state miniband, but higher than the
top of the ground state miniband. The spectral photoresponse was measured at 20 K with
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a 240 mV bias voltage across the detector and at 60 K with a 200 mV bias voltage. The
experimental response band of this detector was in the VLWIR range with peak response
at 14.5 um. The rapid fall-off in the photocurrent at higher bias voltage values was
observed and attributed to the progressive decoupling of the miniband as well as the rapid
decrease in the impedance of the detector.

The peak responsivity of this detector at 20 K and 60 K are 97 and 86 mA/W for
unpolarized light. Based on these values and noise measurements, the estimated
detectivity at 20 K and 60 K are 1.5x10% and 9x108 cmVHz/W, respectively. Although
this detector operates under a modest bias and power conditions, the demonstrated
detectivity is relatively lower than the responsivity of usual QWIPs. This is mainly due to
lower collection efficiency. Although there is enough absorption between minibands,
only photoexcited electrons in few quantum wells near the collector contact contribute to
the photocurrent.

2.6 n-Doped Bound-to-Continuum Miniband QWIPs

It is anticipated that placing the excited state miniband in the continuum levels would
improve the transportation of the photoexcited electrons, i.e., responsivity of the detector.
This is same as in the case of the wide barrier bound-to-continuum detectors discussed
previously. A detector based on photoexcitation from a single miniband below the top of
the barriers to one above the top of the barriers is expected to show a higher performance.
Gunapala et al. (1991b) proposed and demonstrated this type of bound-to-continuum
miniband photoconductor based on GaAs/A1,Ga _4As superlattice operating in the 5-9
um spectral range. Their structure shows more than an order of magnitude improvement
in electron transport and detector performance, compared with previous bound-to-bound
state miniband detectors.

Device structures [as shown in Fig. 7(b)] studied by Gunapala et al. (1991b) consisted of
100 periods of GaAs quantum wells of either Ly, = 30A or Ly= 45A barriers of
Alg,dGag7As, and Ly,= 40A GaAs wells (doped Np=1x1018 cm-3 ) sandwiched
between doped GaAs contact layers. The absolute values for the peak absorption
coefficients are o = 3100 cnr! and oo = 1800 cm-! for the Ly, = 30 and 45 A structures,
respectively. The structure with narrower barrier (L, = 30 A) has a higher peak

absorption coefficient as well as a broader spectrum, resulting in significantly larger
integrated absorption strength. Also, the dark current of this structure (L, = 30 A) is

much larger than that of the other (Ly, = 45 A) structure.
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Fig. 7(a). Parameters and band diagram for LWIR GaAs/A/,Ga;..As superlattice miniband detector with A,
~ 15 pm. (Bandara et al., 1988); (b) device structure of bound-to-continuum miniband (Gunapala et al.,
1991b)

Detectivities at peak wavelength for the above miniband detectors were calculated using
measured responsivities and dark currents. For the L= 30A structure the result was D* =
2.5x109 and 5.4x10!1 cmVHz/W for T=77 and 4 K at -80 mV bias. For L= 45 A

structure, they obtained D* = 2.0x109 and 2.0x1010 cmVHz/W for T=77 and 4 K at -300
mV bias. These values are significantly larger than the previous bound-to-bound
miniband results. Although the responsivity is improved by placing the excited state in
the continuum, it also increases the thermionic dark current because of the lower barrier
height. This fact is more critical for LWIR detectors because the photoexcitation energy
becomes even smaller, i. e., the detector operating temperature will be lowered.

2.7 n-Doped Bound-to-Miniband QWIPs

Yu et al. (1991a, 1991b) proposed and demonstrated a miniband transport QWIP which
contained two bound states with higher energy level being resonance with the ground
state miniband in the superlattice barrier. [see Fig. 8(a)]. In this approach, infrared
radiation is absorbed in the doped quantum wells, exciting an electron into the miniband
and transporting it in the miniband until it is collected or recaptured into another quantum
well. Thus, the operation of this miniband QWIP is analogous to that of a weakly coupled
MQW bound-to-continuum QWIP. In this device structure, the continuum states above
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the barriers are replaced by the miniband of the superlattice barriers. These miniband
QWIPs show lower photoconductive gain than bound-to-continuum QWIPs because the
photoexcited electron transport occurs in the miniband where electrons have to transport
through many thin heterobarriers resulting in lower mobility. The band width of the
absorption spectrum is controlled by the position of the miniband, relative to the barrier
threshold, as well as the width of the miniband which is exponentially dependent on the
thickness of the superlattice barriers. Faska et al. (1992) adopted this bound-to-miniband
approach and demonstrated excellent LWIR images from a 256x256 focal plane array
(FPA) camera. These bound-to-miniband QWIPs have been demonstrated using a
GaAs/A1xGa .xAs material system. In order to further improve performance (by
decreasing dark current) of these miniband QWIPs, Yu et al. (1992) proposed a step
bound-to-miniband QWIP which is shown in Fig. 8(b). This structure consists of
GaAs/A14Ga .xAs superlattice barriers and Ingo7Gagg93As strained quantum wells
which are deeper than superlattice barrier wells, as shown in Fig. 8(b) (Li et al., 1993).

Fig. 8. Band diagrams for (2) bound-to-miniband; (b) step bound-to-miniband QWIP structures. (Levine,
1993)

2.8. n-Doped Asymmetrical GaAs/A1,Gaj.xAs QWIPs

For typical QWIP structures with symmetrical rectangular wells, the electric field shift of
intersubband absorption is relatively small, since the linear shift term is forbidden by
symmetry. This was demonstrated by Harwit et al. (1987) who obtained a shift of less
than 2meV for a field of 36 kV/cm across a symmetrical QWIP structure. Large stark
shifts can be obtained by designing QWIP structures with asymmetrical quantum wells
such as stepped well. Martinet et al. (1992) have demonstrated a linear stark shift of ~10
meV for an electric field shift of ~15 kV/cm, while Mii et al. (1989) measure a shift of 8
meV at 18 kV/cm. These shifts are an order of magnitude larger than that for the
symmetrical rectangular well in the same electrical field. In addition to absorption
spectral changes due to asymmetrical wells or barriers in the structure, there will be
much stronger bias-dependent behavior in escape probability, photoconductive gain and,
in the responsivity spectrum.



14

By introducing a QWIP structure with asymmetrical barriers, Levine et al. (1990c)
demonstrated an electrically tunable photodetector without sacrificing the responsivity.
Lacoe et al. (1992) demonstrated a large difference in spectral width and cutoff
wavelength by using graded barrier QWIP with much stronger (81 meV) grading in the
barrier. They also find that the responsivity spectral line width is much narrower ( AA < 1
um) and the cutoff wavelength much shorter ( A¢ = 7.6 um) in the negative bias direction
where the QWIP operates on a bound-to-bound transition, compared to the broad ( AL =6
um) longer-wavelength cutoff (A, = 11.4 pum) positive bias bound-to-continuum
transition. Levine et al. (1991c) have also discussed LWIR photoinduced charge
polarization and storage in graded asymmetrical quantum wells. They have studied the
long-wavelength photoinduced charge polarization and electron storage produced by
infrared induced intersubband absorption in highly asymmetrical graded quantum wells.
At zero bias a large photovoltage is observed, while at high bias the charge transfer
probability approached unity.

2.9 p-Doped QWIPs

.Levine et al. (1991b) experimentally demonstrated the first QWIP that used hole

intersubband absorption in the GaAs valence band. The strong mixing (Chang et al.,
1989; Chiu et al., 1983; Karunasiri et al., 1990; Pinczuk et al., 1986; Wieck et al., 1984)
between the light and heavy holes (at k#0) allows the desired normal incidence
illumination geometry to be used. The samples were grown on a (100) semi-insulating
GaAs substrate, using gas source MBE, and consisted of 50 periods of L,,=30 A (or
L,=40 A) quantum wells (doped Np= 4x10!8 cm -3 with Be) separated by L,=300 A
barriers of Alg 3Gag 7As, and capped by Np = 4x1018 cm-3 contact layers.

The unpolarized responsivity spectra of the L,,=40 A QWIP are compared for the two
geometries (i.e., 45° and normal incidence as discussed in Section 4). The two spectra are
essentially identical (peak wavelength A, = 7.2 um and long wavelength cutoff A = 7.9
um) and the normal incidence responsivity is larger than that of 45° illumination which is
consistent with both polarizations contributing to the photoresponse. The peak
unpolarized responsivities (for the L,,=40 A sample at Ap=7.2 um and Vy,=+4 V) are
Rp= 39 mA/W and 35 mA/W for normal and 45° incidence, respectively, which are

approximately an order of magnitude smaller than the responsivities for n-QWIPs. As a
further test of polarization behavior, Levine et al. (1991b) found that by using the 45°
geometry, s-polarized light had twice the photoresponse of p-polarization. This is again in
strong contrast with n-QWIPs for which the s-polarized photoresponse is forbidden by
symmetry. A comparison between the L,, = 30 and 40 A detectors shows that, as
expected, the narrower well QWIP has a broader spectral response (A;=8.6 um) due to
the excited state being pushed further up into the continuum and thereby broadening the
absorption (Levin et al., 1989). The 30 A well detector also has a slightly longer peak
wavelength (Ap=7.4 um), consistent with the ground state being pushed up even further
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than the excited state. Similar lineshape effects (Levine et al., 1989) have been seen in n-
QWIPs. Peak detectivity D;=1.7x10!10 cmVHz/W and D;=3.5x109 cmVHz/W were

measured at T=77 K for L,,=30 A and 40A detectors respectively.

The experimentally measured photoconductive gains are g = 3.4x10-2 and g = 2.4x10-2
for Ly, = 30 and 40 A, respectively. This yield hot hole mean free path L= 510 and 360 A
for the two samples (i.e., photoexcited carrier travels only one or two periods before
being recaptured). It should be noted that both g and L are over an order of magnitude
smaller than the corresponding values for n-QWIPs [where photoconductive gains of
g=1 have been obtained (Levine et al., 1990a)]. Since L = v t, [where 1, is the well
recapture time (Levine et al., 1992b)], we can see that the lower g is due to a lower
velocity associated with the higher hole effective mass, and a shorter lifetime due to
increased scattering between the light and heavy hole bands. Having now obtained g, we
can relate it to the peak responsivity, and thus using the measured values for Ry and g
directly determine the low temperature quantum efficiency. This yields double pass
values of N=17% and 28% for the L,,=30 and 40 A QWIPs, respectively. Thus, in spite
of the larger effective mass of the holes compared to that of electrons, the different
symmetry (normal incidence) of the intersubband absorption, and the much smaller
photoconductive gain and mean free path, the quantum efficiency (and hence escape
probability) for bound-to-continuum n- and p-QWIPs are similar.

2.10 Single Quantum Well Infrared Photodetectors

Although there has been extensive research on MQW infrared photodetectors which
typically contain many (~50) periods, there has been relatively limited experimental work
(Liu et al., 1991a, 1991b; Rosencher et al., 1992) done on QWIPs containing only a
single quantum well. Bandara ef al. (1993a, 1993b, 1993c) have performed a complete
series of experiments on single quantum well structures with n-type doped well, un-
doped well, and p-type doped well. These doped-single well detectors are, in fact,
particularly interesting since they have exceptionally high photoconductive gain
compared to MQW detectors. In addition, their simple band structures allow accurate
calculations of the bias voltage dependence of the potential profiles for each of the two
barriers, band bending effects in the contacts, as well as charge accumulation (or
depletion) in the quantum well.

2.11 Indirect Band-gap QWIPs

Infrared detectors operating in the MWIR spectral range (A ~ 3-5 um) are also of interest
due to the atmospheric window in this wavelength range. However, the short
wavelength limit in the GaAs/A14Ga_yxAs materials system imposed by keeping the
A1xGa_xAs barriers direct is A = 5.6 um. That is, if the A1 concentration x is increased
beyond x=0.4 the indirect X valley becomes the lowest band gap. This has been thought
to be highly undesirable since I'-X scattering together with GaAs X-barrier trapping can
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result in inefficient carrier collection and, thus, poor responsivity. However, in view of
technology advantages in the more mature GaAs/A1,Gaj_xAs material system, it would
be highly desirable to design detectors using indirect A1xGaj_xAs. Levine et al. (1991a)
successfully demonstrated the first bound-to-continuum GaAs/Al1xGaj-xAs indirect
band-gap QWIP operating at A, =4.2 um.

A single period of the structure (Levine et al., 1991a) consists of Ly = 30 A of GaAs
(doped n = 1x10!8 ¢cm-3) and 500 A of undoped Alg s§Gag45As. This is repeated 50
times and is sandwiched between a 0.5 um top and 1 um bottom contact layer (also
doped n = 1x1018 ¢m-3). The conduction band diagram under bias for the structure is
shown in Fig. 9. The solid line in Fig. 9 is the I'-valley band edge and the dotted line is
that of the X valley. The ['-barrier height of E; = 452 meV results in a calculated single
bound I state at an energy E, = 165 meV, and an optical absorption peak (from E, to the
excited continuum state E, ) at an energy of AE, = 289 meV (i.e., 2 meV above E,)

corresponding to a calculated absorption peak at A, = 4.3 um.
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Fig. 9. Schematic conduction band diagram of indirect AfossGaoasAs barrier QWIP. The solid lines are the
direct I'-valley band edge while the dashed lines are the indirect X-band edge. (Levine et al., 1991a)

The bias dependence of R at A, = 4.2 um has also been measured (Levine ef al., 1991a)
and found to have significant zero bias photovoltaic effect with R, = 0.05 A/W at V= 0.
This yields the photoconductive gain of g = 3.0 and 1.0 for V, = 4 and -4V, respectively,
and (using the superlattice length 1 = 2.65 um) the corresponding values of the hot
electron mean free path L = 8.0 and 2.65 pm. These large values for g and L are
comparable to (or even larger than) the best results in the usual I" direct gap devices
(Hasnain et al., 1990b; Levine et al., 1990a) and thus confirm excellent transport and
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efficient carrier collection expected in this indirect barrier QWIP. That is, this large mean
free path is due to the difficulty of an X electron being captured by a I well. The peak
detectivity D, at Vp=-1Vand T =77 K is D, = 4x1010 cmVHz/W. However, an even
larger value D;=1.1x1012 cmVHz/W is obtained at zero bias [determined by the Johnson
noise generated by QWIP differential resistance (Levine et al., 1991a)]. This large D* is
comparable to that obtained using the direct-gap material Ing 53Gag 47As/Ing 50A 10 48As
which is discussed in the next subsection.

2.12 n-doped Ing 53Gag 47A5/Ing520A 19 48As QWIPs

In order to shift the intersubband absorption resonance into the higher energy spectral
region (A = 3-5 um), Levine et al. (1988a) have investigated lattice matched quantum
well superlattices of Ings3Gag47As/Ing spAlg4gAs grown using MBE on an InP
substrate and reported intersubband absorption in this heterosystem. This direct gap
heterostructure has conduction band discontinuity of 550 meV, which is significantly
higher than that of the direct gap GaAs/A1xGaj.xAs system, therefore allowing for
shorter wavelength operation.

A 50-period MQW superlattice consisting of Ing 53Gag 47As wells (doped Np = 1x1018
cm-3) having a width Ly, = 50 A, and 150 A barriers of Ing 5pA 10 .48As, was grown on an
InP substrate. The experimental absorption peak is at A = 4.4 um, in good agreement with
the theoretical estimation of the energy separation of bound states [see reference (Levine
et al., 1988a) for details]. In order to achieve higher performances in the MWIR range,
Hasnain et al. (1990a) designed a MQW structure of the same materials system involving
bound-to-continuum intersubband absorption. This structure consisting of 50 periods of
30 A Ings53Gag47As wells (doped Np = 2x1018 ¢m-3 ) and 300A Ing 52A1g.48As
barriers, was grown by MBE on an InP substrate. The absorption spectrum is peaked at
279 meV ( A = 4.4 um) with a full width at half maximum of 93 meV. Although the peak
absorption of this bound-to-continuum detector is 4.2 times lower than that of a bound-to-
bound detector (Levine et al., 1988a) the line width is five times greater. Thus, it has
comparable (20% higher) absorption strength covering the full 3-5 pum MWIR band. The
noise measured in these MQW detectors at S00 Hz corresponds to the shot noise of the
dark current resulting peak detectivity at 77 K of D* = 1.5x1012 cmVHz/W with a
background limited (for a 1800 field of view) Dj, = 2.3x1010 cmVHz/W at 120 K and
lower temperatures. These values are comparable to those demonstrated with the Pt-Si
devices (Sheperd et al., 1988) presently used in MWIR band.

2.13 n-doped Ing 53Gag.47As/InP QWIPs

An InGaAs/InP materials system has been used extensively for optical communication
devices and therefore has a highly developed growth and processing technology. Since
the quality of barriers is extremely important for optimum QWIP performance, and InP is
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binary, whereas A1,Ga _yAs is a ternary alloy, Gunapala et al. (1991a) investigated the
hot electron transport and performance of detectors fabricated from these two materials.
Two structures were grown by metal organic molecular beam epitaxy (MOMBE) with
arsine and phosphine as group V sources, trimethylindium and trimethylgallium as group
III sources, and elemental Sn as n-type dopant sources (Gunapala et al., 1991a; Ritter et
al., 1991). The first structure consisted of 20 periods of Ly, = 60 A Ing 53Gag 47As
quantum wells lattice matched to 500 A InP barriers. A second sample contained 50
periods of Ly = 50 A Ing 53Gag47As wells separated by 500 A InP barriers. These
MQWs were doped Np = 5x1017 cm-3, and had top and bottom 0.4 um contact layers of
Np = 1x1018 cm-3 doped Ing s3Gag 47As. The intersubband absorption was measured on
a 45 multipass waveguide. The peak (A,=8.1 um) room temperature absorption
coefficient a0 = 950 cm'! is expected to increase by a factor of 1.3 at T=77 K resulting in
a low temperature quantum efficiency of N = 12% (Gunapala et al., 1991a). For the 50 A
well QWIP, the corresponding value is 1 = 11%. These values are quite comparable to
those of GaAs samples, when the lower doping level of Np = 5x1017 ¢m-3 in the wells is
taken into account.

The bias dependence of the responsivities (which was essentially independent of
temperature T = 10-80 K) was measured. Extremely large values of the responsivity,
reaching R = 6.5 A/W at Vi, = +3.5 Vand R = 3.5 A/W at Vi, = -3.5 V has been observed.
This responsivity is five times larger than that of similar GaAs/A14Ga.xAs QWIPs
which demonstrates the excellent transport in this materials system. These large
responsivity values yield very large values of photoconductive gain of g = 9.0 for Vp =
+3.5V and g = 4.8 for V , =-3.5 V (Gunapala et al., 1991a). The corresponding value of
the hot electron mean free path is L = 10 um at Vy = +3.5 V, which is five times larger
than that for similar GaAs/A1xGaj.xAs QWIPs. This excellent transport may be
associated with the high quality binary InP barriers, and higher mobility of InP compared
with A1xGa.xAs. The calculated peak detectivity D, = 9x1010 cmVHz/W based on
noise current and measured responsivity at Vp = +1.2 V and T= 77 K of 60 A QWIP
compares favorably with GaAs/A 15,Gaj_xAs QWIPs operating at this wavelength. Jelen et
al., (1998a, 1998b) also investigated lattice matched InGaAs/InP QWIPs and observed
large photoconductive gain indicating improved transport properties in the binary InP
barrier. (Jelen et al., 1998a, 1998b)

2.14 InGaAsP - quaternary QWIPs

In the GaAs/A1,Ga_As system, transport properties of A1,Ga.,As can be affected by
oxygen related defects, and sometimes preferred elevated growth temperatures could
result in undesirable dopant diffusion. Also, aluminum oxidation restricts fabrication
methods such as epitaxial regrowth. Gunapala et al. (1991c, 1992a) investigated QWIP
structures based on quaternary, Ga,InsAs,P; , materials grown in a VG-V80H system
modified for metal organic molecular beam epitaxy on semi-insulating (100) InP wafers.
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These structures consisted of InGaAsP quantum wells, lattice matched to 500A InP
barriers. The quantum wells were n-type doped with Np = 5x1017 cm-3 and sandwiched
between 0.4 wm Ing 53Gag 47As contact layers of Np = 1x1018 cm-3. The responsivity
spectra peaked at wavelengths of Ap = 8.6, Ap = 11.0 pm (Ly = 54 A) and A, = 12.1 pm (
Lw =63 A) with A; = 9.4 um , A¢ = 12.5 and 13.2 um respectively have been observed.
The responsivities were measured and results are approximately twice as large as the
responsivity of similar GaAs/A1,Ga.xAs QWIPs. These results clearly demonstrate the
excellent hot electron transport in this materials system. It should also be noted, that this
large maximum responsivity is still two times smaller than that of InGaAs/InP QWIPs
previously discussed. This reduction of responsivity can be attributed to an increase in
scattering and hence reduction in photoconductive gain of the quaternary GalnAsP
material. The peak detectivities are comparable to GaAs/A 1,Ga xAs detectors operating
at similar wavelengths. Hoff et al. (1995a, 1995b) also, investigated p-doped QWIP
based on quaternary, Ga,,In,As/P;, materials. Extensive theoretical modeling and
experimental measurements have been carried out on QWIPs with different combinations
of the above materials system. Both p-doped binary-quaternary QWIP (
GaAs/Gag71Ingp0As039Pg s1) and p-doped quaternary-ternary QWIP
(Gag g7Ing 13A 80 74P 26/Gag 51Ing 49P)shows  spectral coverage from 4 - 6 um and
background limited performances at T = 100 K (Hoff et al., 1995a, 1995b).

2.15 n-doped GaAs/Gag sIng sP QWIPs

In a GaAs/Gag s5Ing 5P materials system, Gag 5Ing sP acts as the barrier material for the
transport of electrons with an effective mass similar to that of Alg3Gag7As. Therefore,
Gunapala et al. (1990a) investigated this lattice-matched GaAs/Gag sIngsP MQW
structure grown on a GaAs substrate as an alternative system to GaAs/A1xGa.xAs for
LWIR detection. In addition, these infrared photoconductive measurements have allowed
us to accurately determine the GaAs/Gag 5Ing 5P band offset.

The QWIP structure consisting of ten periods of 40A GaAs quantum wells (doped Np =
2x1018 cm-3 ) and 300A of undoped Gag 5Ing 5P barriers grown by atmospheric pressure
metal organic vapor phase epitaxy (MOVPE) at a substrate temperature of 675° C on a
semi-insulating undoped GaAs substrate. The absorption spectrum is peaked at 8 pm
(155 meV) with a full-width at half-maximum of 82 meV, i.e., AMA = 53%. The
measured responsivity spectrum is also peaked at 8 um, where the room temperature
absorption peaked, but the width decreases from AMA = 53% to 21%. The measured peak
responsivity is 0.34 A/W cotresponding to a photoconductive gain of g = 0.86.

In order to determine the lattice-matched GaAs/Gag sIng sP conduction band offset AEG,
we calculated the position and bandwidth of the low temperature absorption spectrum and
adjusted the quantum well depth (i.e., AE. ) to fit the experiment. The theory includes
both non-parabolicity as well as the exchange interaction. The exchange effect is
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significant and lowers the bound-state energy level (Bandara et al., 1988; Choe et al.,
1990) by 19 meV for a doping density of Np = 2x10!8 ¢m-3. From these results the
conduction band offset AE. was determined to be 221 £15 meV. From the known band
gaps of GaAs and Gag 5Ing 5P, the band gap difference AE; = 483 meV was obtained, and
thus from AE¢ + AEy = AE, = 483 meV, we determine that AEy = 262 + 15 meV. Also,
Jelen et al. (1997) have demonstrated a 15 pm cutoff wavelength (13 um detection peak)

QWIP fabricated using n-type GaAs/GagsIng ;P materials and  fabrication of a
preliminary FPA camera has been carried out.

2.16 n-doped GaAs/AlgdngsP QWIPs

The GaAs/(A1xGa-x)o.5Ing sP quaternary has a direct I - valley band gap from x=0 to
x=0.7 which then becomes an indirect X-valley conduction band from x=0.7 to x=1

(Watanabe et al., 1987). The limiting composition GaAs/Alg sIngsP heterobarrier
(although having an indirect gap) has a very large I'-valley conduction band discontinuity
of AE; ~ 0.5 eV (Watanabe et al., 1987). Thus makes this an interesting system for short
wavelength QWIPs. A MQW structure was grown on a GaAs substrate via gas-source

MBE. It consisted of 20 periods of 30 A doped (Np = 1x1018 ¢cm-3 ) quantum wells of
GaAs and 500 A barriers of undoped A1lg slng 5P, surrounded by GaAs contact layers
(doped Np = 2x1018 ¢cm-3). The responsivity measured on a 459 polished QWIP had a
narrow spectral shape (AMA = 12% indicating a nearly resonant bound-to-bound
transition) and peaked at A, = 3.25 um. The fact that this A =3 um QWIP is grown lattice
matched to a GaAs substrate means that it can be integrated with a long-wavelength
GaAs/A1xGa.xAs QWIP (A= 6-20 pm), grown on the same wafer, allowing for the
fabrication of monolithic multi-color infrared detectors.

2.17 n-doped Ing,15Gag gsAs/GaAs QWIPs

For all of the GaAs based QWIPs which have been demonstrated thus far, GaAs is the
low bandgap well material and the barriers are lattice matched A 15Ga_xAs, Gag s5Ing sP
or Algsing sP. However, it is interesting to consider GaAs as the barrier material since
the transport in binary GaAs is expected to be superior to that of a ternary alloy, as was
previously found to be the case in the Ings3Gag47As/InP binary barrier structures
(Gunapala et al., 1991a, 1992a). To achieve this, Gunapala ef al. (1994a) have used the
lower bandgap non-lattice matched alloy InyGaj.xAs as well material, together with
GaAs barriers. Band edge discontinuities and critical thicknesses of quantum well
structures of this materials system have been studied earlier (Andersson et al., 1988; Yao
et al., 1991). It has been demonstrated (Elman et al., 1989; Zhou et al., 1989) that strain
layer heterostructures can be grown for lower In concentrations ( x < 0.2) which results in
lower barrier heights. Therefore, this heterobarrier system is very suitable for very long-
wavelength ( A > 14 um) QWIPs.
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In order to further investigate this materials system, Gunapala et al. (1994b) have used
three samples which have been designed to give a very wide variation in QWIP
absorption and transport properties. Detector A was designed to have an intersubband
infrared absorption transition occurring between a single localized bound state in the
quantum well and a delocalized state in the continuum (Levine et al., 1990a; Steele et al.,
1991). Detector C was designed with a wider well width L,, = 70 A, yielding two bound
states in the well. Therefore, the intersubband transition is from the bound ground state to
the bound excited state and requires electric field assisted tunneling for the photoexcited
carrier to escape into the continuum (Choi et al., 1987b; Levine et al., 1987a). Due to the
low effective mass of the electrons in the GaAs barriers, the electric field required for the
field assisted tunneling is expected to be smaller in these structures in comparison with
the usual GaAs/AlxGaj.xAs QWIP structures. Detector B was designed such that the
second bound level is resonant with the conduction band of the GaAs barrier. Thus, the
intersubband transition is from the bound ground state to the quasibound excited state
which is intermediate between a strongly bound excited state and a weakly bound
continuum state.

The responsivities of samples A, B and C peak at 12.3, 16.0 and 16.7 pm respectively.
The absolute peaked responsivities (Rp) of the detectors were A, B and C are 293, 510
and 790 mA/W respectively at bias Vi, = 300 mV. As expected, the responsivity spectra
of the bound-to-continuum QWIP (detector A) is much broader than the bound-to-bound
(detector C) or bound-to-quasibound (detector B) QWIPs. Correspondingly, the
magnitude of the peak absolute responsivity (Rp) is significantly lower than that of the
bound-to-bound or bound-to-quasibound QWIPs, due to reduction of the absorption
coefficient a. This reduction in the absorption coefficient is a result of the conservation
of oscillator strength. These peak wavelengths and spectral widths are in good agreement
with theoretical estimates of bound-to-continuum and bound-to-bound intersubband
transition based on the 55% conduction band offset ( AE./E, ) of the

GaAs/Ing 2Gap gAs materials system (i.e. AE, /E, =45%). The large responsivity and
detectivity D, values are comparable to those achieved with the usual lattice matched
GaAs/A1;Ga_xAs materials system (Levine et al., 1992a). The high photoconductive
gains and the small carrier capture probabilities demonstrate the excellent carrier

transport of the GaAs barriers and the potential of this heterobarrier system for VLWIR (
A > 14 um) QWIPs.

2.18 p-doped Ing 53Gag 47As/InP QWIPs

In Section 2.9, we discussed the GaAs/A1xGa_xAs QWIPs which are based on hole
intersubband absorption in p-doped GaAs quantum wells. Due to the complex GaAs
valence band interactions at the non-zero wave vector, the infrared absorption at normal
incidence is allowed. Also, in Sections 2.13 and 2.14 we have indicated that due to the
high quality InP barriers, n-doped lattice matched Ing 53Gag 47As/InP and InGaAsP/InP
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QWIPs have even larger responsivities than GaAs/A1xGa.xAs n-QWIPs. Therefore,
Gunapala et al. (1992b) have investigated the p-QWIPs in a lattice matched
Ing 53Gag 47As/InP materials system.

Since most of the GaAs/AlyGaj.xAs band gap discontinuity is in the conduction band
(i.e., AE¢/AEg = 65%), whereas in Ing 53Gag 47As/InP most of the band gap difference is
in the valence band (i.e., AE\/AEg = 60%), the Ing 53Gag 47As/InP p-QWIP intersubband
absorption occurs at a much shorter wavelength. The GaAs p-QWIPs discussed
previously (Section 2.9), operated with a peak wavelength of A, = 7.2-7.4 um and a
cutoff wavelength of A = 7.9-8.6 um. In strong contrast, the Ings3Gag47As/InP
p-QWIPs discussed here have a responsivity peaked at A, = 2.7 um. This is, in fact, the
shortest wavelength QWIP ever reported.

The devices discussed below were grown using MOMBE and consisted of 20 periods of
25 A quantum wells of Ing 53Gag 47As (doped Np = 2x1018 cm-3 with Be) and 500 A
slightly p-doped barriers of InP. This slight p-doping is necessary to compensate for the
n-background (Np = 4x1016) of the InP barriers. Otherwise, n-InP and p-InGaAs result
in a series of p-n junctions which would significantly reduce the available carriers in the
quantum well, and thus lower the infrared absorption. In addition, the p-n junctions
would increase the series resistance and thus impede the transport. These MQWs were
sandwiched between Ing 53Gag 47As contact layers (0.4 um top and bottom) having the
same doping as the wells.

The responsivity spectrum demonstrates the shortest wavelength QWIP ever reported
with a responsivity peak at A, = 2.7 um and a cutoff wavelength of A; = 3.0 um (the
long-wavelength side where the responsivity drops to half of its peak value). The peak
unpolarized responsivity, at normal incidence, is Rp = 29 mA/W at V,, = +3 V
(corresponding to a double optical pass through the QWIP). This value is essentially
unchanged from T = 20 to 80 K. The unpolarized responsivity measured using the 45°
polished substrate control detector was nearly identical, with R, = 31 mA/W, for the
same conditions. This is in good agreement with the GaAs/A1xGa_xAs p-QWIPs
discussed in the Section 2.9, where both the magnitude and spectral shape of the normal
incidence and 45° responses were also very similar. It is worth noting that there is a zero
bias responsivity of Rp = 6 mA/W, which also peaked at A, = 2.7 um. The peak
detectivity for this unoptimized device was D, = 3x1010 cmVHz/W at T = 77 K. Later,
Sengupta et al. (1996) has shown similar device performance of QWIPs based on the
same material system. '

3. FIGURES OF MERIT

Now we will discuss and compare the optical and transport properties of bound-to-
continuum QWIPs, bound-to-bound QWIPs, and bound-to-quasibound QWIPs with each
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‘other. The structures of the six samples to be discussed are listed in Table 1. These n-

doped QWIPs were grown using MBE and the wells and contact layers were doped with
Si. The quantum well widths L,, range from 40A to 70 A, while the barrier widths are

approximately constant at Ly = 500 A. The A1l molar fraction, in the AlxGaxAs
barriers, varies from x = 0.10 to 0.31 (corresponding to cutoff wavelengths of A, = 7.9 -
19 pm). The photosensitive doped MQW region containing 25 to 50 periods is
sandwiched between similarly doped top (0.5 um) and bottom (1 um) ohmic contact
layers. These structural parameters have been chosen to give a very wide variation in
QWIP absorption and transport properties (Levine et al., 1992b). In particular, samples
A through D are n-doped with intersubband infrared transition occurring between a single
localized bound state in the well and a delocalized state in the continuum (denoted B-C in
Table 1) (Levine et al., 1987d, 1990a, 1991e; Andersson et al., 1991b; Andrews and

Table I. Structure parameters for samples A-F, including quantum well width Ly, barrier width Ly,
AlxGal_xAs composition x, doping density Np, doping type, number of MQW periods, and type of
intersubband transition bound-to-continuum (B-C), bound-to-bound (B-B), and bound-to-quasibound (B-

QB). (Levine et al., 1992a)

Ly, | L Np (A) Doping Intersubband
Sample | (A) | A) | x (10"8cm™) Type | Periods | Transition
A 40 500 | 0.26 1.0 n 50 B-C
B 40 500 | 0.25 1.6 n 50 B-C
C 60 500 | 0.15 0.5 n 50 B-C
D 70 500 | 0.10 0.3 n 50 B-C
E 50 500 | 0.26 1.4 n 25 B-B
F 45 500 | 0.30 0.5 n 50 B-QB

Miller, 1991; Janousek et al., 1990; Kane et al., 1989; Steele et al., 1991; Wu et al.,
1992). Sample E has a high A1 concentration x = 0.26 coupled with a wide well L,,= 50
A, yielding two bound states in the well. Thus, the intersubband transition from the
bound ground state to the bound first excited state, (denoted B-B in Table I), and
therefore requires electric field assisted tunneling for the photoexcited carrier to escape
into the continuum as discussed in the previous section (Levine et al., 1987b, 1989; Choi
et al., 1987b). Sample F was designed to have a quasibound excited state [denoted B-QB
in Table I (Kiledjian et al., 1991; Gunapala and Bandara, 1995)], which is intermediate
between a strongly bound excited state and weakly bound continuum state. It consists of
aL, =45 A doped quantum well and 500 A of a A1,Ga_,As barrier with x = 0.3. These
quantum well parameters result in a first excited state in resonance with the barriers, and
is thus expected to have an intermediate behavior.
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3.1 Absorption spectra

The infrared absorption spectra for samples A-F were measured at room temperature,
using a 45° multipass waveguide geometry (except for sample D which was at such a
long-wavelength, that the substrate multiphonon absorption obscured the intersubband
transition). As can be readily seen in Fig. 10 , the spectra of the bound-to-continuum
QWIPs (samples A, B, and C) are much broader than the bound-to-bound or bound-to-
quasibound QWIPs (samples E and F or the QWIPs discussed in the previous section).
Correspondingly, the magnitude of the absorption coefficient o for the continuum
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Fig. 10. Absorption coefficient spectra Vs wavelength measured at T=300 K for samples A, B, C, E, and F.
(Levine et al., 1992a)

QWIPs (left-hand scale) is significantly lower than that of the bound-to-bound QWIPs
(right-hand scale), due to the conservation of oscillator strength. That is, o, (AAA)/Np is
a constant, as was previously found (Gunapala et al., 1990b). The values of the peak
room temperature absorption o, peak wavelength Ap, cutoff wavelength Ac (long
wavelength A for which o drops to half-o.,) and spectral width AA (full width at half o,)
are given in Table II. The room temperature absorption quantum efficiency m,(300 K)
evaluated from (300 K) using

1 20,1
=—(1- P
M. 2( e ") )
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Table II. Optical absorption parameters for samples A, B, C, E, and F, including peak absorption
wavelength Ap, long wavelength cutoff A¢, spectral width Ak, fractional spectral width AMA, peak room
temperature absorption coefficient o, (300 K), peak room temperature absorption quantum efficiency 1),
(300 K), T = 77 K absorption quantum efficiency T, (77 K), and maximum high bias net quantum
efficiency M, ,, . (Levine et al., 1992a)

A | Ae | AL [ AMA | 0,300 |1, (300K) | My (77K) | Monax

Sample | (um) | (um) | (um) | (%) | K) (cm™) (%) (%) (%)
A |90 |103]30 | 33 410 10 13 16
B |97 [109]29 | 30 670 15 19 25
c |135]145] 21 16 450 11 14 18
E |86 |90 |075| 9 1490 17 20 23
F [89 (94 | 10| 11 451 11 14 20

where m, is the unpolarized double-pass absorption quantum efficiency, where 1 is the
length of the photosensitive region, and the factor of two in the denominator is a result of
the quantum mechanical selection rules, which only allows the absorption of radiation
polarized in the growth direction. The low temperature quantum efficiency N,(77) was
obtained by using o (77 K) = 1.3 a,(300 K) as previously discussed. The last column

containing M.« Will be discussed later.

In order to clearly compare the line shapes of the bound, quasibound, and continuum
QWIPs, the absorption coefficients for samples A, E, and F have been normalized to

unity and plotted as o in Fig. 11, and the wavelength scale has been normalized by
plotting the spectra against AA = (A-A;), where A, is the wavelength at the absorption
peak. The very large difference in spectral width is apparent with the bound and
continuum excited state transitions (AAMA = 9%-11%) being 3-4 times narrower than for
the continuum excited state QWIPs (AA/A = 33%).
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Fig. 11. Normalized absorption spectra Vs wavelength difference AA=(A-Ap). The spectral width AAA are
also given. The insert show the schematic conduction band diagram for sample A (bound-to-continuum),
sample E (bound-to-bound), and sample F (bound-to-quasibound). (Levine et al., 1992a)

3.2 Dark current

In order to measure the dark current-voltage curves, 200 um diam mesas were fabricated
as described elsewhere (Gunapala and Bandara, 1995) and the results are shown in Fig.
12 for T =77 K. Note that the asymmetry in the dark current (Zussman et al., 1991) with
I4 being larger for positive bias (i.e., mesa top positive) than for negative bias. This can
be attributed to the dopent migration in the growth direction (Liu ef al., 1993), which
lowers the barrier height of the quantum wells in the growth direction compared to the
quantum well barriers in the other direction (which are unaffected). Note that, as
expected, the dark current 14 increases as the cutoff wavelength A increases. At bias Vy=-
1V and 1V, the curves for samples E and F cross. This is due to the fact that even though
sample E has a shorter cutoff wavelength than sample F, it is easy for the excited
electrons to tunnel out at sufficiently high bias. In contrast, sample F has a quasibound
excited state, which is in resonance with the Ly, = 500 A thick barrier top.
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Fig. 12. Dark current I, as a function of bias voltage V, at T=77 K for samples A-F. (Levine et al., 1992a)

Levine et al. (1990a) has analyzed the origin of the dark current in detail and shown that
thermionic-assisted tunneling is a major source of dark current (Gunapala et al., 1990b;
Kinch and Yariv, 1989; Pelve et al., 1989; Zussman et al., 1991; Andrews and Miller,
1991). In that analysis, they first determine the effective number of electrons n(V), which
are thermally excited out of the well into the continuum transport states, as a function of
bias voltage V; '

m*
2
Th Lp

n(V)= ( j]:f(E)T(E,V)dE

4)

where the first factor containing the effective mass m” is obtained by dividing the two-
dimensional density of states by the superlattice period L, (to convert it into an average
three-dimensional density), and where f(E) is the Fermi factor f(E) = [1+exp(E-Eo-
Er)kT]1, Eg is the ground state energy, EF is the two-dimensional Fermi level, and
T(E,V) is the bias-dependent tunneling current transmission factor for a single barrier
which can be calculated using Wentzel-Kramers-Brillouin (WKB) approximation to a
biased quantum well . Equation (4) accounts for both thermionic emission above the
energy barrier Ey, (for E>E,) and thermionically assisted tunneling (for E<Ep). Then they
calculated the bias dependent dark current I3(V) using Iq(V) = n(V)ev(V)A, where ¢ is
the electronic charge, A is the area of the detector, and v is the average transport velocity
given by
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1

V(V) = uF[1+ (UF/ v,)’P (5)

where [ is the mobility, F is the average electric field, and vg is the saturated drift
velocity. The good agreement is achieved as a function of both bias voltage and
temperature over a range of eight orders of magnitude in dark current (Levine et al.,
1990a).

3.3 Responsivity

The responsivity spectra R(A) were measured (Zussman et al., 1991) on 200 um diam.
mesa detectors using a polished 45° incident facet on the detector, together with a globar
source and a monochromator. A dual lock-in ratio system with a spectrally flat
pyroelectric detector was used to normalize the system spectral response due to
wavelength dependence of the blackbody, spectrometer, filters, etc. The absolute
magnitude of the responsivity was accurately determined by measuring the photocurrent
I, with a calibrated blackbody source. This photocurrent is given by

Ay
I, [RA)P(A)IA
M (6)

where A1 and A 7 are the integration limits that extend over the responsivity spectrum, and
P(A) is the blackbody power per unit wavelength incident on the detector, which is given
by '

P(L) = W(A)sin’(8/2)AFcosd (N

where A is the detector area, ¢ is the angle of incidence, 0 is the optical field of view
angle (i.e., sin?(6/2) = (4f2+1)-1 where fis the f number of the optical system; in this case
0 is defined by the radius p of the blackbody opening at a distance D from the detector,
so that tan(8/2) = p/D), F represents all coupling factors and F = T¢(1-r)C where Tr is the
transmission of filters and windows, r = 28% is the reflectivity of the GaAs detector
surface, C is the optical beam chopper factor (C = 0.5 in an ideal optical beam chopper),
and W(k)'is the blackbody spectral density given by the following equation (i.e., the
power radiated per unit wavelength interval at wavelength A by a unit area of a blackbody
at temperature Tp).

W) = rc’h / X)e™™ ™ - 1) ®)

By combining equations(6) and (7), and using R(A) =R, Ii(?»), where Ry is the peak
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responsivity and Ii(k) is normalized (at peak wavelength A,) experimental spectral
responsivity, we can rewrite the photocurrent I, as

Ay
I = RPGJR(x)W(x)dx
M . )

where G represents all the coupling factors and is given by G = sin?(8/2)AFcos¢. Thus,
by measuring the Tg = 1000 K blackbody photocurrent, Ry, can be accurately determined.

The normalized responsivity spectra li(?») are given in Fig. 13 for samples A-F, where
we again see that the bound and quasibound excited state QWIPs (samples E and F) are
much narrower AA/A = 10%-12% than the continuum QWIPs AA/A = 19%-28% (samples
A-D). Table III gives the responsivity peak A, and cutoff wavelengths A; as well as the
responsivity spectral width AA. These responsivity spectral parameters are given in Table
III and are similar to the corresponding absorption values listed in Table II.

The absolute peak responsivity Ry, can be written in terms of quantum efficiency n and
photoconductive gain g as

Rp = (e/hV)ng. (10)
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Fig. 13. Normalized responsivity spectra Vs wavelength measured at T=20 K for samples A-F. (Levine et
al., 1992a)
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Table IT1.- Responsivity spectral parameter for samples A-F, including peak responsivity wavelength Xp,
long wavelength cutoff A, spectral width AA, and fractional spectral width AM/A. (Levine et al., 1992a)

Ap Ae A AM A
Sample (Lm (um) (Lm) (%)
A 8.95 9.8 2.25 25
B 9.8 10.7 2.0 20
C 13.2 14.0 25 19
D 16.6 19.0 4.6 28
E 8.1 8.5 0.8 10
F 8.4 8.8 1.0 12

Responsivity versus bias voltage curves for the bound, quasibound, and continuum,
samples are shown in Fig. 14. Note that, at low bias, the responsivity is nearly linearly
dependent on bias and it saturates at high bias. This saturation occurs due to the
saturation of drift velocity. For the longest wavelength sample D, where A¢ = 19 um, the
dark current becomes too large at high bias to observe the saturation in Ry,. The
quasibound QWIP (sample F) behaves quite similarly to the bound QWIPs. The fully
bound sample E has a significantly lower responsivity. The responsivity does not start out
linearly with bias but is in fact zero for finite bias. That is, there is a zero bias offset, due
to the necessity of field assisted tunneling for the photoexcited carrier to escape from the
well (Levine et al., 1987b, 1988b; Choi et al., 1987b; Vodjdani et al., 1991).

3.4 Dark current noise

The dark current noise i, was measured on a spectrum analyzer for all of the samples at
T= 77 K as a function of bias voltage (Zussman, et al. , 1991). The result for sample B is
shown in Fig. 15. The solid circles were measured for negative bias (mesa top negative)
while the open circles are for positive bias. The smooth curves are drawn through the
experimental data. Note that the current shot noise for positive bias is much larger than
that for negative bias (e.g., at Vp = 3.5 V, it is 4 times larger). Also that near Vp, =4V
there is a sudden increase in the noise due to a different mechanism (possibly due to the
avalanche gain (Levine ef al., 1987c) process). This asymmetry in the dark current noise
is due to the previously mentioned asymmetry in I4. The photoconductive gain g can now
be obtained using the current shot noise expression (Levine et al., 1990a; Liu, 1992a,
1992b; Beck, 1993; Hasnain et al., 1990b)
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Fig. 14. Bias dependent peak (A = Ap) responsivity Rg measured at T=20 K for samples A-F. The inserts
show the conduction band diagrams. (Levine et al., 1992a)
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Fig. 15. Dark current noise i (at T=77 K) Vs bias voltage Vy, for sample B. Both positive (open circles)
and negative (solid circles) bias are shown. The smooth curves are drawn through the measured data. The
insert shows the conduction band diagram. (Levine et al., 1992a)

b

where Af is the band width, (taken as Af = 1 Hz).
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3.5. Noise gain and Photoconductive gain

For a typical QWIP, where the dark current is dominated by thermionic emission, noise
gain g, and photoconductive gain g can be written in terms of well capture probability p,
(capture probability of electrons by the next period of the MQW) and the number of
quantum wells N in the MQW region (Levine et al., 1992a; Liu, 1992a, 1992b, Beck,
1993; Choi, 1994, 1996),

_1-p./2
En— N, (12)
]_pc)
g=" (13)
Np,

where p, is capture probability of electrons by the next period of the MQW. Combining
ip from Fig. 15 and 14 from Fig. 12 allows the experimental determination of g as shown
in Fig. 16. The solid circles are for negative bias while the open circles are for positive
bias, and the smooth curves are drawn through the experimental points. As shown in Fig.
16, the photoconductive gain increases approximately linearly with the bias at low
voltage and saturates near Vi, = 2 V (due to velocity saturation) at g ~ 0.3. It is worth
noting that, in spite of the large difference between the noise current i, for positive and
negative bias (as shown in Fig. 15), the photoconductive gains are quite similar. This
demonstrates that, the asymmetry in i, is due quantitatively to the asymmetry in Ig4. It
further shows that, although the number of carriers which escape from the well and enter
the continuum [transmission factor, v (Choi, 1996)] is strongly dependent on bias
direction (due to the asymmetrical growth interfaces), the continuum transport (i.e.,
photoconductive gain), is less sensitive to the direction of carrier motion. The reason for
this difference is that the transmission factor, ¥ (and hence 13), depends exponentially on
the bias, whereas photoconductive gain is only linearly dependent on bias Vy. The
photoconductive gain of QWIPs can be written as (Kastalsky et al., 1988; Hasnain, 1990)

g=L/1, (14)
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Fig. 16. Photoconductive gain g (left-hand scale) and hot electron mean free path L (right-hand scale) Vs
bias voltage Vp for sample B at T=77 K. Both positive (open circles) and negative (solid circles) bias are
shown. The smooth curves are drawn through the measured data. The insert shows the conduction band
diagram. (Levine et al., 1992a)

where L is the hot carrier mean free path and 1 is the superlattice length (1 = 2.7 um for
sample B). Therefore, we can evaluate L as shown on the right hand scale of Fig. 16.
Thus, for this device L saturates at ~ 1 um. As mentioned above, the dramatic increase in
inp near Vp =4 V in Fig. 15 is due to additional noise mechanisms and, therefore, should

not be attributed to a striking increase in g.

From the strong saturation of Rp for sample A (in Fig. 14) we would also expect the
photoconductive gain to be completely saturated for |Vy[>2 V, which is how we have
drawn the smooth curve in Fig. 17. However, if one obtains g by simply substituting the
measured i, into equation 11, the result is the dotted line in Fig. 17. Interpreting the large
excess noise i, above 4 V in Fig. 15 as I shot noise would lead to an incorrectly large
gain. Likewise, interpreting the low i, above Vp = -2 V in Fig. 17 as due to a low gain
would also be incorrect. Levine ef al. (1992b) have explained this by attributing the
excess noise at high bias to the ground state sequential tunneling, which is increasing the -
dark current Iy above that due to thermionic emission and thermionically assisted
tunneling through the tip of the barriers. That is

Igm = lgtmtldm (15)
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Fig. 17. Photoconductive gain g (left-hand scale) and hot electron mean free path L (ﬁght-hand scale) Vs
bias voltage Vp for sample A at T=77 K. The solid curve drawn through the points is the correct
interpretation; the dashed line is not. The insert shows the conduction band diagram. (Levine et al., 1992a)

where I4 m is the total measured current, Iq 4, is the usual thermionic contribution, and
I4,ty is the ground state tunneling current. It should be noted (Levine et al., 1990a) that
electrons near the top of the well, which contribute to the dark current 14 1, are the same
as those which can transport in the continuum and thus contribute to the photocurrent I,.
In contrast, the electrons which contribute to the ground state tunneling current Iq 1, do
not enter the continuum, but sequentially tunnel from one well to the next (Choi ef al.,
1987a). The gain associated with this process is gy = Lp/1 (Where L is the superlattice
period) and is very small compared with the usual continuum transport gain g = L/1.
These two current processes lead to two contributions to the shot noise.

i3m =15 + i3 (16)
By combining equations (11), (15) and (16) and using the fact that gy, <<g we can write

gm = (1-Ng (17)
where g, is the measured gain and f=Ig /I m. Therefore, at high bias when the current

contribution from sequential tunneling increases, the measured gain decreases, exactly as
found in Fig. 17. A more general formula for noise gain was derived by Choi (1994,
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1996) and Beck (1993) which incorporated tunneling and thermionic contributions of the
dark current. Bandara et al. (1998b) have observed two different gain mechanisms
associated with photocurrent electrons and dark current electrons, which transported in
two difference paths in a QWIP structure.

3.6 Quantum efficiency

By using equation (10), the bias dependent photoconductive gain (Figs. 16 and 17), and
the responsivity (Fig. 14), we can now determine the total measured quantum efficiency
N (Levine et al., 1992a). The results of the continuum samples A-D are shown in Fig. 18.
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Fig. 18. Quantum efficiency T Vs bias voltage Vi, (negative) for samples A-D. The zero bias quantum
efficiencies 1), and the maximum quantum efficiencies 1T, are shown. The insert shows the conduction
band diagram. (Levine et al., 1992a)

It is important to note that the total quantum efficiency does not vanish at zero bias but
has a substantial value ranging from 1o = 3.2%-13%, corresponding to a finite probability
of escaping from the quantum well. As the bias is increased, quantum efficiency
increases approximately linearly and then saturates at high bias reaching maximum
values of Nimax = 8%-25%. The saturation values of the total quantum efficiencies are
listed in Table II where they appear to be comparable with the values obtained from the
zero bias absorption measurements 1, (77 K). The difference in these values [i.e.,
between Nmax and M, (77 K)] can be attributed to lower measured gain as described in
sub-section 3.5.

We now consider the bound and quasibound QWIPs (samples E and F). The
photoconductive gains are plotted in Fig. 19, where they appear to be quite similar to the
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continuum QWIPs shown in Figs. 17, and the quantum efficiencies are shown in Fig.20.

For these QWIPs (sample E and F), 1 is quite similar to that of continuum QWIPs
(Fig.18), having a saturation values at high bias voltages. However, the required bias

voltage to reach the saturation value is higher for bound and quasibound QWIPs than that
for the continuum QWIPs. Also, zero bias quantum efficiency of these QWIPs (sample E
and F) have much lower values. These differences are due to the necessity of field
assisted tunneling in order for the bound state excited photoelectrons to escape from the
quantum well. This transmission factor (y) can be included in the effective quantum

efficiency (1 ) such that (Levine et al., 1992b; Choi, 1996)

n="Ma (18)

where 1, is the absorption quantum efficiency of the MQW structure. In this case,
responsivity (R) and photoconductive gain (g) are related by R = eng/hv, where hv is the
photoexcitation energy. Also, this transmission factor can be included in the optical gain
(g,) which is defined (Choi, 1996) as g, = yg, and as a result, R, = en,g,/hv.

Typically, v of bound-to-continuum detectors is larger than y of bound-to-bound
detectors, and has a weaker bias voltage dependence. This is to be expected since the
photoexcited carriers in bound-to-continuum QWIPs are above the top of the barriers
and, thus, readily escape before being recaptured. However, the bound-to-bound QWIP is
quite different due to the necessity of field assisted tunneling in order for excited
photoelectrons to escape from the quantum well (Levine ef al., 1992b; Choi, 1996).
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Fig. 19. Photoconductive gain g Vs bias voltage Vi, (negative) for samples E and F at T=77 K. The inserts
show the conduction band diagram. (Levine et al., 1992a)
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3.7 Detectivity

We can now determine the peak detectivity D; defined as (Levine et al., 1990a; Zussman
etal., 1992)

VAAF

fa (19)

D, =R}

where A is the detector area and Af = 1 Hz. This is done as a function of bias for a
continuum (A), a bound (E), and a quasibound (F) QWIP in Fig. 21. (The dashed lines

near the origin are extrapolations.) For all three samples D”* has a maximum value at a
bias between Vi, = -2 and -3 V. Since these QWIPs all have different cutoff wavelengths,

these maximum D* values cannot be simply compared. In order to facilitate this
comparison, we note that the dark current has been demonstrated to follow an exponential
law (Levine ef al., 1990a, 1992a; Zussman et al., 1991) 1, o< e * 5 (where E, is the

cutoff energy E_ = hc/A,) over a wide range of both temperature and cutoff wavelength.
Thus using D" < (R /1i,), we have

* _ yAE,/2kT
D = Doe (20)
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Fig. 20. Quantum efficiency T] Vs bias voltage Vi, (negative) for samples E and F. The zero bias quantum
efficiencies 1), and the maximum quantum efficiencies 1)_,, are shown. The inserts show the conduction
band diagram. (Levine et al., 1992a)
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In order to compare the performance of these different QWIPs Levine et al. (1992b) have

plotted D* against E. on a log scale as shown in Fig. 22 (Levine et al., 1990a, 1991b;
Gunapala et al., 1991a; Zussman et al., 1991). The straight line fit the data very well
which is satisfying considering the samples have different doping densities, Ng, different
methods of crystal growth, different spectral widths AA, different excited states (bound,

quasibound, and continuum) and even, in one case, a different materials system (InGaAs)
(Gunapala et al., 1991a). The best fit for T = 77 K detectivities of n-doped QWIPs is

* _ 6 _E,/2kT
De =11x10"¢ cm ,HZ /W (21)

12 T T T

DETECTIVITY D* (1010 cm vAzW)

BIAS VOLTAGE Vy, (V)

Fig. 21. Detectivity p* (at T=77 K) Vs bias voltage Vp, for samples A, E and F. The inserts show the
conduction band diagram. (Levine et al., 1992a)
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Another useful figure of merit is blackbody responsivity and detectivity Rg and D and
can be written as

D* — \/AAf
R (22)
with
A,
jR(x)W(x)dx
R, =21 .
jW(x)dx
M (23)

It is worth noting that, for most applications, the blackbody responsivity Rp is reduced
only a relatively small amount from the peak value Ry,. Also note that, since QWIP dark
current is mostly due to thermionic emission and thermionically assisted tunneling, unlike
other detectors, QWIP detectivity increases nearly exponentially with the decreasing
temperature as shown in Fig. 23.
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Fig. 23. Peak detectivity D;for a QWIP having cutoff wavelength of A;=10.7 um as a function of
temperature T for several bias voltages V. (Gunapala ef al., 1990b)

4. LIGHT COUPLING

QWIPs do not absorb radiation incident normal to the surface since the light polarization
must have an electric field component normal to the superlattice (i.e., growth direction) to
be absorbed by the confined carriers (Levine, 1993, Gunapala and Bandara, 1995). When
the incoming light contains no polarization component along the growth direction, the
matrix element of the interaction vanishes [i.e., €.p,=0 where (€) is the polarization and
(p,) is the momentum along growth direction (z)]. As a consequence, these detectors
have to be illuminated through a 45° polished facet (Levine, 1993; Gunapala and
Bandara, 1995). Clearly, this illumination scheme limits the configuration of detectors to
linear arrays and single elements. For imaging, it is necessary to be able to couple light
uniformly to two dimensional arrays of these detectors.

Several different monolithic grating structures, such as linear gratings (Goosen and Lyon,
1985; Hasnain et al., 1989) two-dimensional (2-D) periodic gratings (Andersson et al.,
1991a, 1991b, 1991c; Sarusi et al., 1994b; Bandara et al., 1997), and random-reflectors
(Sarusi et al., 1991a, 1994a; Xing and Liu, 1996), have demonstrated efficient light
coupling to QWIPs, and have made two dimensional QWIP imaging arrays feasible (see
Fig. 24). These gratings deflect the incoming light away from the direction normal to the
surface, enabling intersubband absorption. These gratings were made of metal on top of
each detector or crystallographically etched through a cap layer on top of the MQW
structure. Normal incident light-coupling efficiency comparable to the light coupling
efficiency of a 45° polished facet illumination was demonstrated using linear gratings
(Goossen and Lyon, 1985; Hasnian ef al., 1989).
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4.1 Random Reflectors

Random reflectors have demonstrated excellent optical coupling for individual QWIPs as
well as for large area FPAs (Sarusi et al., 1994a; Xing and Liu, 1996, Gunapala ef al.,
1997a, 1997b). It has been shown that many more passes of infrared light [Fig. 24(a)],
and significantly higher absorption, can be achieved with a randomly roughened
reflecting surface. By careful design of surface texture randomization (with a three level
random reflector), an enhancement factor of 8 in responsivity compared to 45°
illumination was demonstrated experimentally (Sausi et al., 1994a). The random structure
on top of the detector prevents the light from being diffracted normally backward after
the second bounce, as happens in the case of 2-D periodic grating [See Fig. 24(b)].
Naturally, thinning down the substrate enables more bounces of light and, therefore,
higher responsivity (Sarusi et al., 1994a, Gunapala et al., 1997a).

All these gratings were fabricated on the detectors by using standard photolithography
and selective dry etching. The advantage of the photolithograpic process is its ability to
accurately control the feature size and preserve the pixel-to-pixel uniformity, which is a
prerequisite for high-sensitivity imaging FPAs. However, the resolution of
photolithography and accuracy of etching processes become key issues in producing
smaller grating feature sizes. These feature sizes are proportionally scaled with the peak
response wavelength of the QWIP. The minimum feature size of random reflectors
implemented in 15 pm and 9 um cutoff FPAs were 1.25 and 0.6 pm respectively
(Gunapala et al. 1997a, 1997b). Thus, random reflectors of the 9 um cutoff FPA were
less sharp and had fewer scattering centers compared to random reflectors of the 15 um
cutoff FPA. These less sharp features in random gratings lowered the light coupling
efficiency than expected. Therefore, it could be advantageous to utilize a 2-D periodic
grating for light coupling in shorter wavelength QWIPs. However, one can avoid this
problem by designing a random reflector which has features similar to 2-D periodic
gratings (Xing and Liu, 1996).

(a) (b)
RANDOM REFLECTOR 2D GRATING
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Fig. 24 (a). Schematic side view of a thin QWIP pixel with a random grating reflector. Ideally all the
radiation is trapped except for a small fraction which escapes through the escape cone. (b) Schematic
diagram of 2-D periodic grating specifications. The grating features are spaced periodically along the x and
y directions. ’
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4.2 Two-Dimensional Periodic Gratings

Detailed theoretical analysis has been carried out on both linear and 2-D periodic gratings
on QWIPs. In 2-D gratings, the periodicity of the grating repeats in two perpendicular
directions on the detector plane, leading to the absorption of both polarizations of
incident infrared radiation. Also, experiments have been carried out for 2-D grating
coupled QWIP detectors designed for wavelengths A ~ 9 um (Andersson et al., 1991a,
1991b, 1991c; Bandara et al., 1997) and A ~ 16 - 17 um (Sarusi et al., 1994b). A factor of
2-3 responsivity enhancement relative to the standard 45° polished facet illumination
was observed for large area mesas ( 500 um x 500 pm ) with a total internal reflection
optical cavity which can be created with an additional A1 GaAs layer(Andersson ef al.,
1991a, 1991b, 1991c) or with a thinned substrate (Sarusi et al., 1994b). This optical
cavity is responsible for an extra enhancement factor of about 2 due to the total internal
reflection from the A1GaAs layer or from the thinned substrate as shown in Fig. 24.Due
to the resonance nature, the light coupling efficiency of 2-D gratings depends strongly on
the wavelength and, thus, exhibits narrow band width spectral responses. The normalized
responsivity spectrum for 2-D periodic grating coupled QWIP samples (with six different
grating periods, D and a fixed groove depth) and for the standard 45° sample are shown in
Fig. 25. Note the normalized spectral peak shifts from 7.5 um to 8.8 pm as the grating
period increases from D = 2.2 um to 3.2 um. These measurements were repeated for
three groove depths. The grating peak wavelength A, (where the grating enhancement is
maximized) and the peak enhancement (enhancement at A,) associated with each grating
period was obtained by normalizing the absolute spectral responsivity of the grating
detectors relative to the 45 detector sample. As expected from the theory, measured Aep
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Fig. 25. Measured normalized responsivity spectra as a function of grating period D vary from 2.2 - 3.2
um. The solid curve represent responsivity spectra same QWIP with 45° polished edge. (Bandara et al.,
1997)
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Fig. 26. The experimental responsivity enhancement at Ag, for each grating period with different groove
depths. Curves a and b represent gratings with same groove depth but different in detector area (a -
200x200 um’” and b - 400x400 pm?). Curve ¢ and d represent 200x200 um’ area detectors with different
groove depths. (Bandara et al., 1997)

linearly depends on grating period and it is independent of the groove depth of the grating
(Bandara et al., 1997). Figure 26 shows experimental responsivity enhancement due to
2-D grating at A,, for each grating period with different groove depths. One sample
shows enhancement up to a factor of 3.5 (curves a and b in Fig. 26) depending on the
grating period, while the other two samples show no enhancement and no dependence on
the grating period. This high enhancement factor was measured in a similar (same
gratings and groove depth) sample with different detector area. Scanning Electron
Microscopic (SEM) pictures of two samples, associated with curve ¢ and d of Fig. 26,
show apparent distortion in the features of the gratings (Bandara et al., 1997). This can
be attributed to the partial contact between the grating mask and the wafer during the
photolithography.

4.3 Corrugated Structure

Recently, Chen et al. (1997) has demonstrated a new light coupling geometry for QWIPs
based on total internal reflection at the corrugated surface created within a detector pixel
(Choi et al., 1998a and 1998b). In these structures, linear V-grooves are chemically
etched through the active detector region down to the bottom contact layer to create a
collection of angled facets within a single detector pixels as shown in Fig. 27 (a). These
facets deflect normally incident light into the remaining QWIP active area through total
internal reflection. For certain chemical solutions, such as 1H,SO, : 8H,0, : 10H,O, the
etching rate is different for different crystallographic planes. As a result, triangular wires

are created with sidewalls inclined around 54° with (100) surface along (0, 1, 1) the
plane. In practice, the angle was found to be at 50° (Choi et al., 1998a, 1998b). See Fig.
27(b).
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Fig. 27(a). The 3-dimensional perspective of a corrugated QWIP detector pixel and (b) the ray diagram at
the side view. (Choi et al., 1998b)

Since the corrugated QWIP structure exposes the active layers of the detector, top metal
contact cannot be deposited directly on the detector pixel. Two different approaches have
been considered addressing this problem; (i) to leave out an unetched area for the contact
as illustrated in Fig.27 (a), and (ii) isolate the active layers with a dielectric such as
polymide. One of the main advantage of this light coupling technique is reduction in
pixel dark current due the smaller QWIP active area. In addition, the coupling scheme
does not show significant wavelength and size dependence, and is therefore suitable for
multi-color or broad-band QWIPs. Figure 28 shows the spectral responsivity of the
corrugated QWIP under normal incident illumination from the back of the wafer. For
comparison, spectral responsivity of the same QWIP with 45° edge coupling is also
illustrated in the Fig. 28. It clearly shows that the corrugated structure does not change
the intrinsic absorption line shape which is represented by the 45° edge-coupling
response, but increases the magnitude by a factor of 1.5. Also, this structure shows about
2.6 factor lower dark current due to the less active material, resulting in about 2.4 times

~ improved D* (Choi ef al., 1998a, 1998b).
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Fig. 28. Spectral responsivity of the corrugated QWIP and the same QWIP using 45° edge coupling. (Choi
et al., 1998b)
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4.4 Microlenses

The general concept of utilizing microlenses with QWIPs is to increase the signal output
or decrease the dark current or both per detecting pixel. Use of a microlens to
concentrate the photon flux will lead to a much smaller detector area requirement. Since
the dark current is linearly related to the detector area, the dark current is decreased.
Thus, the goal of increasing the D* is achieved. The reduction of dark current can be
expressed as the ratio of the area gain, G, (Pool ef al., 1998). If d is the diameter of the
focal spot and D is the pixel diameter, then G, = (D/d)? = [Dnf/F]?, where n, is the index -
of refraction, f is the f number of the optical system and F is the focal length of the
microlens. For example, if we let D = 2.44 Af, which is the diameter of an Airy disk, then
at 15 pm, D=73 um. If we select F=125 um, then d=20 um. The dark current will
improve by a factor of 13. If F=75 um then d=12um, the dark current will improve by a
factor of37.

Recently, monolithically integrated microlens and QWIP was demonstrated by Pool ef al.
(1998). Four-level binary optic microlenses were fabricated by standard contact
lithography, using a two-mask photoresist pattern for plasma etching. The two-etch step
process for fabrication of the four-level diffractive optics lenses created phase steps d =
A/[2%(n,-1)], where n, is the index of refraction of GaAs and A is the wavelength of the
incident light for which the lens is optimized. Since these lenses were designed for
incident light of 15um the smallest feature size (outer zones) was approximately 4pm,
making lithography relatively straightforward. Fabrication errors which resulted were
level misalignment, etch depth errors, and limited resolution of outer zone features. The
lenses were first fabricated and the QWIPs subsequently fabricated and aligned to the
lenses through use of an infrared backside aligner to within 1 pm accuracy. The
theoretical efficiency of a four-level diffractive optic lens in the scalar approximation is
81%. In this study microlenses were fabricated from 150x150 um? to 350x350 um? for
infrared radiation to be focused on 75x75 um? QWIP detectors, optimized for a peak
wavelength of 15 um. In addition to the four-level lenses, continuous-relief lenses were
fabricated by direct-write electron beam lithography followed by transfer etching

- technique (Pool et al., 1998). The process for fabrication of the continuous relief lens is

given by the schematic representation in Fig.29. Figure 30 shows the surface of a 250
pum lens.

Although the effect of the microlens is evident through an increase in responsivity of
approximately 2.7, the efficiency is far lower than a simple analysis would predict. The
experiment was repeated with the continuous relief microlenses and the results were
similar, even though the efficiency of the continuous lenses was likely higher than the
4-level lenses. The poor performance of the microlens-QWIP combination can be
understood by analyzing the diffraction characteristics of the grating. The lens produces
a cone of converging waves that are incident on the grating. Because the grating was



optimized for normal incidence, the coupling of the angled waves into the desired
polarization for QWIP absorption was severely degraded. There are two factors that
influence the optical coupling: (i) the angles of the diffracted waves (grating orders), and
(ii) the efficiencies of the diffracted orders. The angles of the diffracted orders 6,, can be
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found directly from the grating equation,

Fig. 29. Schematic representation of the fabrication process for continuous relief microlenses. (Pool ef al.,

1998)
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Fig. 30. AFM image of a 250 wm microlens in PMMA. (Pool et al., 1998)
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Sin @, )=m AGXAS _sin@,,), m=0,%1,+2, - (24)

where 0;,. is angle of incidence, Ag,4 is the wavelength inside the GaAs (A/3.1), and
A=4.85 pm is the grating period.

The efficiencies of the diffracted orders must be found using a rigorous electromagnetic
analysis technique. In this study, rigorous coupled-wave analysis was used to determine
the efficiency of the grating as a function of incident angle and wavelength. After the
angles and efficiencies of the diffracted orders were found, the fields inside the quantum
well stack were calculated (Pool et al., 1998). Because the QWIP can only absorb the
component of the field perpendicular to the quantum well layers E , the integral of |E, *
inside the quantum well region was taken as a measure of QWIP coupling efficiency. At
15 pm, the coupling is strongly peaked around normal incidence even though the
diffraction efficiencies are not well optimized. At a shorter wavelength of 14.5 um, the
period to wavelength ratio is larger, allowing both the +1 and —1 orders to continue to
propagate up to a few degrees off-normal. This broadens the angular response, but
because the angles of the diffracted orders are smaller, they do not couple as effectively
into the QWIP and the peak response is reduced.

The focused field from the lens is actually not a plane wave, but it can be Fourier
decomposed into an angular spectrum of plane waves. For a given lens, there is certainly
an optimum grating period that maximizes the integrated product of the focused-field
angular spectrum and the grating angular response. However, it is unlikely that a lens-
grating combination will achieve the same responsivity as a grating optimized for
normally incident plane-wave illumination. Furthermore, for the lens-grating
combination to effectively produce a higher signal-to-noise ratio, the area of the QWIP
mesa must be reduced. In this situation, there may be too few grating periods for
efficient diffraction. Although the microlens concept is not well suited for a QWIP
detector, the concept described here can be soundly applied to normal incident absorbing
infrared detectors (Pool et al., 1998).

5. IMAGING FOCAL PLANE ARRAYS

There are many ground based and space borne applications that require long-wavelength,
large, uniform, reproducible, low cost, low 1/f noise, low power dissipation, and radiation
hard infrared FPAs. For example, the absorption lines of many gas molecules, such as
ozone, water, carbon monoxide, carbon dioxide, and nitrous oxide occur in the
wavelength region from 3 to 18 um. Thus, infrared imaging systems that operate in the
LWIR and VLWIR region are required in many space applications such as monitoring
the global atmospheric temperature profiles, relative humidity profiles, cloud
characteristics, and the distribution of minor constituents in the atmosphere which are
being planned for NASA's Earth Observing System (Chahine, 1990). In addition, 8-15
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um FPAs would be very useful in detecting cold objects such as ballistic missiles in
midcourse [when hot rocket engine is not burning most of the emission peaks in the 8-15
um infrared region (Duston, 1995)]. The GaAs/A 1,Ga_,As material system allows the
quantum well shape to be tweaked over a range wide enough to enable light detection at
wavelengths longer than ~ 6 um. Thus, GaAs based QWIP is a potential candidate for
such space borne and ground based applications and many research groups (Bethea et al.,

1991, 1992, 1993; Kozlowski et al., 1991a, Faska et al., 1992; Beck et al., 1994;

Gunapala et al., 1997a, 1997b, 1998a; Andersson ef al., 1997; Choi et al., 1998a; Breiter
et al., 1998) have already demonstrated large uniform FPAs of QWIPs tuned to detect
light at wavelengths from 6 to 25 um in the GaAs/A1,Ga_,As material system.

5.1 Effect of nonuniformity

The general figure of merit that describes the performance of a large imaging array is the
noise equivalent temperature difference NEAT. NEAT is the minimum temperature
difference across the target that would produce a signal-to-noise ratio of unity and it is
given by (Kingston, 1978; Zussman et al., 1991)

NEAT = ﬂ___
D;(dP,/dT) , 25)
where Dj, is the blackbody detectivity (defined by Eq. 22) and (dP, / dT) is the change
in the incident integrated blackbody power in the spectral range of detector with
temperature. The integrated blackbody power Py, in the spectral range from A; to A5, can
be written as

Ay
P, = Asinz(—e—)cosq) j W(L)dA
2 , (26)

where 0, ¢, and W(A) are the optical field of view, angle of incidence, and blackbody
spectral density respectively, and are defined by Eqs. 7 and 8 in sub-section 3.3. Before
discussing the array results, it is also important to understand the limitations on the FPA
imaging performance due to pixel nonuniformities (Levine, 1993). This point has been
discussed in detail by Shepherd (1988) for the case of PtSi infrared FPAs (Mooney et al.,
1989) which have low response, but very high uniformity. The general figure of merit to
describe the performance of a large imaging array is the noise equivalent temperature
difference NEAT, including the spatial noise which has been derived by Shepherd (1988),

and given by

NEAT = N,

dN, /dT, 27

where Ty, is the background temperature, and Ny, is the total number of noise electrons per
pixel, given by



49

N2 =N?+N: +u’N}. (28)

The photoresponse independent temporal noise electrons is N, the shot noise electrons
from the background radiation is Ny, and residual nonuniformity after correction by the
electronics is u. The temperature derivative of the background flux can be written to a
good approximation as

dN, hcN,

dT, kXTf,, (29)

where A= (A+ A2)/2 is the average wavelength of the spectral band between A; and A,.
When temporal noise dominates, NEAT reduces to Eq. (25). In the case where residual
nonuniformity dominates, Egs. (27) and (29) reduces to

uAT?
1.44 (30)

NEAT =

The units of the constant is cm K, A is in cm and Ty, is in K. Thus, in this spatial noise
limited operation NEAT o<u and higher uniformity means higher imaging performance.
Levine (1993) has shown as an example, taking T, = 300 K, A=10 pm, and u = 0.1%
leads to NEAT = 63 mK, while an order of magnitude uniformity improvement (i.e., u =
0.01%) gives NEAT = 6.3 mK. By using the full expression Eq. (28) Levine (1993) has
calculated NEAT as a function of D* as shown in Fig. 31. It is important to note that
when D*>1010 ¢cmVHz/W, the performance is uniformity limited and thus essentially

independent of the detectivity, i.e., D* is not the relevant figure of merit (Grave and
Yariv, 1992).
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Fig. 31. Noise equivalent temperature difference NEAT as a fungtion of detectivity D*. The effects of
nonuniformity are included for u = 10-3 and 104, Note that for D*>10" cmVHz/W detectivity is not the
relevant figure of merit for FPAs. (Levine, 1993)
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5.2 128x128 VLWIR Imaging Camera

By carefully designing the quantum well structure as well as the light coupling (as
discussed in Section 4) to the detector, it is possible to optimize the material to an optical
response in the desired spectral range, determine the spectral response shape, as well as
reduce the parasitic dark current, and therefore increase the detector impedance.
Generally, in order to tailor the QWIP spectral response to the VLWIR spectral region
the barrier height should be lowered and the well width increased relative to the shorter
cutoff wavelength QWIPs. For a detailed analysis of design and performance
optimization of VLWIR QWIPs see Sarusi; et al. (1994¢).

The first VLWIR FPA camera was demonstrated by Gunapala ez al. (1997a) which
consisted of bound-to-quasibound QWIPs as shown in Fig. 32. Samples were grown
using MBE and their well widths Ly, vary from 65 to 75 A, while barrier widths are
approximately constant at Ly, = 600 A. These QWIPs consisted of 50 periods of doped
(Np = 2x1017 ¢cm-3) GaAs quantum wells, and undoped A1,Ga_xAs barriers. Very low
doping densities were used to minimize the parasitic dark current. The A1 molar fraction
in the A1,Ga.xAs barriers varies from X = 0.15 to 0.17 (corresponding to cutoff
wavelengths of 14.9 to 15.7 um). These QWIPs had peak wavelengths from 14 to 15.2
um as shown in Fig. 33. The peak quantum efficiency was 3% (lower quantum efficiency
is due to the lower well doping density) for a 45° double pass.
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Fig. 32. Schematic diagram of the conduction band in a bound-to-quasibound QWIP in an externally
applied electric field. Absorption of infrared photons can photoexcite electrons from the ground state of the
quantum well into the continuum, causing a photocurrent. Three dark current mechanisms are also shown:
ground state tunneling (1); thermally assisted tunneling (2); and thermionic emission (3). The inset shows a
cross-section transmission electron micrograph of a QWIP sample. (Gunapala et al., 1997b)
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Four device structures were grown on 3 inch GaAs wafers and each wafer processed into-
35 128x128 FPAs. An expanded corner of a FPA is shown in Fig. 34. The pixel pitch of
the FPA is 50 wm and the actual pixel size is 38x38 um2. Two level random reflectors
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Fig. 33. Normalized responsivity spectra of four bound-to-quasibound VLWIR QWIP FPA samples at
temperature T=55 K. (Gunapala et al., 1997a)

Fig. 34. An expanded corner of a 128x128 QWIP FPA showing two level random reflectors on pixels
(38x38 pm’). (Gunapala et al., 1997a)
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used to improve the light coupling, can be seen on top of each pixel. These random
reflectors, which were etched to a depth of half a peak wavelength in GaAs using
reactive-ion etching, had a square profile. These reflectors are covered with Au/Ge and
Au (for Ohmic contact and reflection), and In bumps are evaporated on top for Silicon
multiplexer hybridization. A single QWIP FPA was chosen from sample number 7060
(cutoff wavelength of this sample is 14.9 um) and bonded to a silicon readout
multiplexer. FPA was back-illuminated through the flat thinned substrate. This initial
array gave excellent images with 99.9% of the pixels working, demonstrating the high
yield of GaAs technology. As mentioned earlier this high yield is due to the excellent
GaAs growth uniformity and the mature GaAs processing technology. The uniformity
after two point correction was u = 0.03% (Gunapala et al., 1997a).

Video images were taken at various frame rates varying from 20 to 200 Hz with £/2.6
KRS-5 optics at temperatures high as T = 45 K, using a multiplexer having a charge
capacity of 4x107 electrons. However, the total charge capacity was not available during
the operation, since the charge storage capacitor was partly filled to provide the high
operating bias voltage required by the detectors (i.e., Vi, = -3 V). Figure 35 shows an
image of a man’s face with NEAT = 30 mK (Gunapala et al., 1997a). It should be noted
that these initial unoptimized FPA results are far from optimum.

Fig. 35. One frame from a 15-pm QWIP video image of a man’s face with NEAT = 30mK. (Gunapala et
al., 1997a) '

5.3 256x256 LWIR Imaging Camera

Infrared imaging systems that work in the 8-12 pm (LWIR) band have many
applications, including night vision, navigation, flight control, early warning systems, etc.
Several research groups have demonstrated (Bethea et al., 1991, 1992, 1993; Kozlowski
etal.,1991a, 1991b; Levine et al., 1991d; Asom et al., 1991; Swaminathan et al., 1992)
the excellent performance of QWIP arrays. For example, Faska et al. (1992) have
obtained very good images using a 256x256 bound-to-miniband MQW FPA. The first
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256x256 LWIR hand-held imaging camera was demonstrated by Gunapala et al. (1997b).
The device structure of this FPA consisted of a bound-to-quasibound QWIP containing
50 periods of a 45 A well of GaAs (doped n = 4x10'7 cm™®) and a 500 A barrier of
Aly3Ga7As. Ground state electrons are provided in the detector by doping the GaAs
well layers with Si. This photosensitive MQW structure is sandwiched between 0.5 um
GaAs top and bottom contact layers doped n = 5x10'” cm™, grown on a semi-insulating
GaAs substrate by MBE. Then a 0.7 pum thick GaAs cap layer on top of a 300 A
Aly3Ga,As stop-etch layer was grown in situ on top of the device structure to fabricate
the light coupling optical cavity.

The detectors were back illuminated through a 45° polished facet as described earlier and
a responsivity spectrum is shown in Fig. 36. The responsivity of the detector peaks at
8.5um and the peak responsivity (R ;) of the detector is 300 mA/W at bias Vg = -3 V.
The spectral width and the cutoff wavelength are AA/A = 10% and A, = 8.9 um
respectively. The measured absolute peak responsivity of the detector is small, up to
about Vg = -0.5 V. Beyond that it increases nearly linearly with bias reaching R, =380
mA/W at Vg = -5 V. This type of behavior of responsivity versus bias is typical for a
bound-to-quasibound QWIP. The peak quantum efficiency was 6.9% at bias Vg =-1V
for a 45° double pass. The lower quantum efficiency is due to the lower well doping
density (5x10'7 cm™) as it is necessary to suppress the dark current at the highest possible
operating temperature.
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Fig. 36. Responsivity spectrum of a bound-to-quasibound LWIR QWIP test structure at temperature T =
77 K. The spectral response peak is at 8.5 um and the long wavelength cutoff is at 8.9 ym. (Gunapala et al.,
1997a)

After the random reflector array was defined by the lithography and dry etching, the
photoconductive QWIPs of the 256x256 FPAs were fabricated by wet chemical etching
through the photosensitive GaAs/A 1,Ga_As MQW layers into the 0.5 um thick doped
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GaAs bottom contact layer. The pitch of the FPA is 38 um and the actual pixel size 1s
28x28 um?. The random reflectors on top of the detectors were then covered with Au/Ge
and Au for Ohmic contact and reflection. A single QWIP FPA was chosen and
hybridized (via indium bump-bonding process) to a 256x256 CMOS readout multiplexer
(Amber AE-166) and biased at Vg = -1.0 V. The FPA was back-illuminated through the
flat thinned substrate membrane (thickness =1300 A). This array gave excellent images
with 99.98% of the pixels working (number of dead pixels = 10), demonstrating the high
yield of GaAs technology (Gunapala et al., 1997b). The measured NEAT (mean value) of
the FPA at an operating temperature of T = 70 K, bias Vg = -1 V, and 300 K background
is 15 mK. This agrees reasonably with our estimated value of 8 mK based on test
structure data. The peak quantum efficiency of the FPA was 3.3% (lower FPA quantum
efficiency is attributed to 54% fill factor and 90% charge injection efficiency) and this
corresponds to an average of three passes of infrared radiation (equivalent to a single 45°
pass) through the photosensitive MQW region.

A 256x256 QWIP FPA hybrid was mounted onto a 250 mW integral Sterling closed-
cycle cooler assembly and installed into an Amber RADIANCE 1™ camera-body to
demonstrate a hand-held LWIR camera (shown in Fig. 37). The camera is equipped with
a 32-bit floating-point digital signal processor combined with multi-tasking software,
providing the speed and power to execute complex image-processing and analysis
functions inside the camera body itself. The other element of the camera is a 100 mm
focal length germanium lens, with a 5.5 degree ficld of view. It is designed to be
transparent in the 8-12 um wavelength range to be compatible with the QWIP's 8.5 pm
operation. The digital acquisition resolution of the camera is 12-bits, which determines
the instantaneous dynamic range of the camera (i.e., 4096). However, the dynamic range
of QWIP is 85 Decibels. Its nominal power consumption is less than 50 Watts.

Fig. 37. Picture of the first 256x256 hand-held long wavelength QWIP camera (QWIP RADIANCE™),
(Gunapala et al., 1997a)



55

5.4 640X486 LWIR Imaging Camera

In this section, we will discuss the demonstration of the 640x486 LWIR imaging camera
by Gunapala et al. (1998a). Although random reflectors have achieved relatively high
quantum efficiencies with large area test device structures, it is not possible to achieve
the similar high quantum efficiencies with random reflectors on small area FPA pixels
due to the reduced width-to-height aspect ratios. In addition, due to fabrication
difficulties of random reflector for shorter wavelength FPAs as described in subsection
4.1, a 2-D periodic grating reflector was fabricated for light coupling of this 640x486
QWIP FPA.

After the 2-D grating array was defined by the photolithography and dry etching, the
photoconductive QWIPs of the 640x486 FPAs were fabricated by wet chemical etching
through the photosensitive GaAs/A 1xGa)-xAs MQW layers into the 0.5 um thick doped
GaAs bottom contact layer. The pitch of the FPA is 25 um and the actual pixel size is

18x18 pm2. The 2-D gratings on top of the detectors were then covered with Au/Ge and
Au for Ohmic contact and reflection. Figure 38 shows twelve processed QWIP FPAs on
a 3-inch GaAs wafer (Gunapala et al., 1998a). Indium bumps were then evaporated on
top of the detectors for silicon readout circuit (ROC) hybridization. A single QWIP FPA
was chosen and hybridized (via indium bump-bonding process) to a 640x486 direct -
injection silicon readout multiplexer (Amber AE-181) and biased at VB = -2.0 V.
Figure39 shows a size comparison of this large area long-wavelength QWIP FPA to a
quarter. At temperatures below 70 K, the signal-to-noise-ratio of the system is limited by
multiplexer readout noise, and shot-noise of the photo current. At temperatures above 70
K, temporal noise due to the QWIP's higher dark current becomes the limitation. As
mentioned earlier, this higher dark current is due to thermionic emission and thus causes
the charge storage capacitors of the readout circuitry to saturate (Gunapala et al., 1998a).
Since the QWIP is a high impedance device, it should yield a very high charge injection
coupling efficiency into the integration capacitor of the multiplexer. In fact Bethea et al.
(1993) have demonstrated charge injection efficiencies approaching 90%. Charge
injection efficiency can be obtained from (Bethea et al., 1993)

ngDet 1
i — [ 1 ]
N ! 1+ ngDet 1+ JwCDetRDet
1+g,Rpq 31)

where g is the transconductance of the MOSFET and is given by gm = elDet/kT. The
differential resistance RDet of the pixels at -2 V bias is 5.4x1010 Ohms at T=70 K, and

detector capacitance CDet is 1.4x10-14 F. The detector dark current IDet = 24 pA under

the same operating conditions. According to equation (31) the charge injection efficiency
Miy=99.5% at a frame rate of 30 Hz. The FPA was back- illuminated through the flat

thinned substrate membrane (thickness =1300 A). This thinned GaAs FPA membrane
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completely eliminated the thermal mismatch between the silicon CMOS readout
multiplexer and the GaAs based QWIP FPA. Basically, the thinned GaAs based QWIP
FPA membrane adapts to the thermal expansion and contraction coefficients of the
silicon readout multiplexer. Thus, thinning has played an extremely important role in the
fabrication of large area FPA hybrids. In addition, this thinning has completely
eliminated the pixel-to-pixel optical cross-talk of the FPA. This initial array gave very
good images with 99.97% of the pixels working, demonstrating the high yield of GaAs
technology. The operability was defined as the percentage of pixels having noise
equivalent differential temperature less than 100 mK at 300 K background with /2 optics
and, in this case, operability happened to be equal to the pixel yield.

We have used the following equation to calculate NEAT of the FPA

_ VAB
" D;(dP, / dT)sin*(8/2) (32)

NEAT

Fig. 38. Twelve 640 x 486 QWIP FPAs on a 3-inch GaAs wafer. (Gunapala et al., 1997a)
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Fig. 39. A size comparison of the 640 x 486 long-wavelength QWIP FPA to a quarter. (Gunapala e? al.,
1997a)

where Dy is the blackbody detectivity, dP,/dT is the derivative of the integrated
blackbody power with respect to temperature, and 6 is the field of view angle
[ie., sin2(8/2) = (4f2+1)'1, where f is the f-number of the optical system]. The
background temperature TB = 300 K, the area of the pixel A = (18 um)z, the f-number of

the optical system is 2, and the frame rate is 30 Hz. Figure 40 shows the experimentally
measured NEAT histogram of the FPA at an operating temperature of T = 70 K, bias

%) _
)
L
5 ..
o
[T
5 Wl
o
1N}
[a2]
s
=) |
Z
0 |
28 31 34 40 46

NOISE EQUIVALENT TEMP ERATURE DIFFERENCE (NEAT) mK

Fig. 40. Noise equivalent temperature difference (NEAT) histogram of the 311,040 pixels of the 640 x 486
array showing a high uniformity of the FPA. The uncorrected non-uniformity (= standard deviation/mean)
of this unoptimized FPA is only 5.6% including 1% non-uniformity of ROC and 1.4% non-uniformity due
to the cold-stop not being able to give the same field of view to all the pixels in the FPA. (Gunapala er al.,
1998a)
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VB= -2 V, and 300 K background with f/2 optics. The mean value of the NEAT

histogram is 36 mK (Gunapala et al, 1998a). This agrees reasonably well with our
estimated value of 25mK based on test structure data. The read noise of the multiplexer

is 500 electrons. The 44% shortfall of NEAT is mostly attributed to unoptimized detector
bias (i.e., Vp=-2V was used instead of optimum Vg=-3V based on detectivity data as a
function of bias voltage), decrease in bias voltage across the detectors during charge
accumulation (common in many direct injection type readout multiplexers), and read
noise of the readout multiplexer. The experimentally measured peak quantum efficiency
of the FPA was 2.3% (lower FPA quantum efficiency is attributed to 51% fill factor and
30% reflection loss from the GaAs back surface). Therefore, the corrected quantum
efficiency of the focal plane detectors is 6.5% and this corresponds to an average of two
passes of infrared radiation through the photosensitive MQW region.

A 640X486 QWIP FPA hybrid was mounted onto a 84-pin lead-less chip carrier and
installed into a laboratory dewar which was cooled by liquid nitrogen to demonstrate a
LWIR imaging camera. The FPA was cooled to 70K by pumping on liquid nitrogen and
the temperature was stabilized by regulating the pressure of gaseous nitrogen. The other
element of the camera is a 100 mm focal length AR coated germanium lens, which gives
a 9.2°x6.9° field of view. It is designed to be transparent in the 8-12 um wavelength
range for compatibility with the QWIP's 8-9 um operation. An Amber ProView™
image processing station was used to obtain clock signals for the readout multiplexer and
to perform digital data acquisition and non-uniformity corrections. The digital data
acquisition resolution of the camera is 12-bits, which determines the instantaneous
dynamic range of the camera (i.e., 4096).

The measured mean NEAT of the QWIP camera is 36 mK at an operating temperature of
T =70 K, bias VB = -2 V, and 300 K background with f/2 optics. This is in good

agreement with expected FPA sensitivity due to the practical limitations on charge
handling capacity of the multiplexer, read noise, bias voltage and operating temperature.
The uncorrected NEAT non-uniformity (which includes a 1% non-uniformity of the ROC
and a 1.4% non-uniformity due to the cold-stop in front of the FPA not yielding the same
field of view to all the pixels) of the 311,040 pixels of the 640x486 FPA 1is about 5.6% (=
sigma/ mean). The non-uniformity of the FPA after two-point (17° and 27° Celsius)
correction improves to an impressive 0.04%. As mentioned earlier, this high yield is due
to the excellent GaAs growth uniformity and the mature GaAs processing technology.
After two point correction, measurements of the residual nonuniformity were made at
temperatures ranging from 10°C (the cold temperature limit of the blackbody source) up
to 40°C. The non-uniformity at each temperature was found by averaging 16 frames,
calculating the standard deviation of the pixel-to-pixel variation of the 16 frame average
and then dividing by the mean output, producing non-uniformity that may be reported as
a percentage. For camera systems that have NEAT of about 30 mK, the corrected image
must have less than 0.1% non-uniformity in order to be standard television (TV) quality.
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Only at a temperature of 38 Celsius did the camera’s non-uniformity exceed the 0.1%
non-uniformity threshold. Figure 41 shows residual non-uniformity plotted versus scene
temperature. The 33 Celsius window where the correction is below 0.1% is based on the
measured data and one extrapolated data point at 5 Celsius.

Video images were taken at a frame rate of 30 Hz at temperatures as high as T = 70 K

using a ROC capacitor having a charge capacity of 9x100 electrons (the maximum
number of photoelectrons and dark electrons that can be counted in the integration time
of each detector pixel). Figure 42 show a frame of video image taken with this long-
wavelength 640x486 QWIP camera. This image was taken in the night (around midnight)
and it clearly shows where automobiles were parked during the day time. These high
resolution images are comparable to standard TV, and demonstrate high operability (i.e.,
99.9%) and stability (i.e., lower residual uniformity and 1/f noise) of the 640 x 486 long-

- wavelength QWIP staring array camera (Gunapala ef al., 1998a).
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Fig. 41. Residual nonuniformity after two point correction as a function of scene temperature. This
corrected uniformity range is comparable to 3-5 um IR cameras. (Gunapala et al., 1998a)

Fig. 42. This picture was taken in the night (around midnight) and it clearly shows where automobiles
were parked during the day time. This image demonstrates the high sensitivity of the 640 x 486 long-
wavelength QWIP staring array camera. (Gunapala et al., 1998a)
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5.5 Dualband (MWIR & LWIR) Detectors

There are several applications such as target recognition and discrimination which require

monolithic mid and long wavelength dualband large area, uniform, reproducible, low cost

and low 1/f noise infrared FPAs. For example, a dualband FPA camera would provide the

absolute temperature of the target which is extremely important to the process of
identifying temperature difference between targets, war heads and decoys. The GaAs

based QWIP is a potential candidate for development of such a two-color FPAs. Until

recently, the most developed and discussed two-color QWIP detector was the voltage

tunable two stack QWIP. This device structure consists of two QWIP structures, one

tuned for mid-wavelength detection and the other stack tuned for long-wavelength

detection. This device structure utilizes the advantage of formation of electric field

domains to select the response of one or the other detector (Grave et al., 1993; Mei et al.,

1997). The difficulties associated with this type of two-color QWIP FPA are that these

detectors need two different voltages to operate and long-wavelength sensitive segment

of the device needs very high bias voltage (> 8 V) to switch on the LWIR detection. A

voltage tunable simplified QWIP structure consisting of three quantum wells has been

demonstrated by Tidrow and Bacher (1996). Due to a lower number of wells, the peak

response wavelength of this detector can be tuned from 7.3 to 10 um with smaller
changes in the bias voltage. Chiang et al. (1996) also reported a multicolor voltage

tunable triple-coupled QWIP using InGaAs/A1GaAs/GaAs for 8-12 um detection.
Another disadvantage of the voltage tunable scheme is that it does not provide .
simultaneous data from both wavelength bands.

Gunapala et al. (1998b) have developed a two-color, two stack, QWIP device structure
based on In,Ga; As/Al,Ga ,As/GaAs material system for MWIR/LWIR detection
(Foire et al., 1994; Tidrow et al., 1997). This structure can be processed in to dualband
QWIP FPAs with dual or triple contacts to access the CMOS readout multiplexer. The
device structure consists of a stack of 30 periods of LWIR MQW structure and another
stack of 10 periods of MWIR MQW structure separated by a heavily doped 0.5 pum thick
intermediate GaAs contact layer. The first stack (LWIR) consist of 10 periods of 500 A
A1,Ga_,As barrier and a GaAs well. This LWIR QWIP structure has been designed to
have a bound-to-quasibound intersubband absorption peak at 8.5 pum, since the dark
current of the device structure is expected to be dominated by the longer wavelength
portion of the device structure. The second stack (MWIR) consist of 10 periods of, 300 A
A1,Ga 4As barrier and narrow In,Ga; yAs well sandwiched between two thin layers of
GaAs. This MWIR QWIP structure has been designed to have a bound-to-continuum
intersubband absorption peak at 4.2 um, since photo current and dark current of the
MWIR device structure is relatively small compared to the LWIR portion of the device
structure. This two-color QWIP structure is then sandwiched between 0.5 um GaAs top
and bottom contact layers doped n = 5x10'” cm™. The whole device structure was grown
on a semi-insulating GaAs substrate by MBE. Then a 1.0 um thick GaAs cap layer on top
of a300 A Aly;Gay-As stop-etch layer is grown in situ on top of the device structure to
fabricate the light coupling optical cavity.
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The detectors were back illuminated through a 45° polished facet as described earlier and
a simultaneously measured responsivity spectrum of vertically integrated dualband QWIP
is shown in Fig. 43. The responsivity of the MWIR detector peaks at 4.4 um and the
peak responsivity (R,) of the detector is 140 mA/W at bias Vg = -3 V. The spectral width
and the cutoff wavelength of the MWIR detector are AA/A = 20% and A, = 5 um
respectively. The responsivity of the LWIR detector peaks at 8.8 um and the peak
responsivity R, of the detector is 150 mA/W at bias Vg = -1.2 V. The spectral width and
the cutoff wavelength of the LWIR detector are AA/A = 14% and A, = 9.4 um
respectively. The measured absolute peak responsivity of both MWIR and LWIR
detectors are small, up to about Vi = -0.5 V. Beyond that it increase nearly linearly with
bias in both MWIR and LWIR detectors reaching Rp = 210 and 440 mA/W respectively
at Vg = -4 V. This type of responsivity behavior versus bias is typical for a bound-to-
continuum and bound-to-quasibound QWIPs in MWIR and LWIR bands respectively.
The peak quantum efficiency (45° double pass) of MWIR and LWIR detectors were 2.6%
and 16.4% respectively at operating biases indicated in Fig. 43. The lower quantum
efficiency of MWIR detector is due to the lower well doping density (5 x 10'” cm™) and
lower number of quantum wells in the MQW region. The peak detectivities of both
MWIR and LWIR detectors were estimated at different operating temperature and bias
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Fig. 43. Simultaneously measured responsivity spectrum of vertically integrated MWIR and LWIR
dualband QWIP detector. (Gunapala et al., 19982)

voltages using experimentally measured noise currents (Gunapala et al., 1998b). The
MWIR peak detectivity D; = 3.8 x 10'! cmVHz/W has been achieved at Vg = -1.8V and

T = 90K. Similarly, LWIR peak detectivity D* = 8 x 10" cmVHz/W has achieved at
Vp=-1.1 Vand T = 60K.
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5.6 Dualband (LWIR & VLWIR) Detectors

As we discussed in the previous section of this chapter, there are many target recognition
and discrimination applications which require monolithic LWIR and VLWIR dualband
large area FPAs as well. The general notion is that dualband target recognition and
discrimination capability significantly improves with increasing wavelength separation
between the two wavelength bands in consideration. Therefore, authors of this chapter are
currently developing a 640x486 LWIR and VLWIR dualband QWIP FPA camera. Thus,
we have developed the following QWIP device structure which can be processed into
dualband QWIP FPAs with dual or triple contacts to access a CMOS readout multiplexer
(Bois et al., 1995; Tidrow et al., 1997). Single indium bump per pixel is usable only in
the case of an interlace readout scheme (i.e., odd rows for one color and the even rows for
the other color) which uses an existing single color CMOS readout multiplexer. The
advantages of this scheme are that it provides simultaneous data readout and allows it to
use currently available single color CMOS readout multiplexers. However, the
disadvantage is that it does not provide a full fill factor for both wavelength bands. This
problem can be eliminated by fabricating (n+1) terminals (e.g., three terminals for
dualband) per pixel and hybridizing with a multicolor readout having n readout cells per
detector pitch, where n is the number of wavelength bands.

The device structure (Gunapala ef al., 1998b) consists of a stack of 25 periods of LWIR
QWIP structure and another stack of 25 periods of VLWIR QWIP structure separated by
a heavily doped 0.5 um thick intermediate GaAs contact layer. The first stack (VLWIR)
consist of 25 periods of, 500 A A1,Ga_,As barrier and a GaAs well. This VLWIR QWIP
structure has been designed to have a bound-to-quasibound intersubband absorption peak
at 15 um, since the dark current of the device structure is expected to dominated by the
longer wavelength portion of the device structure. The second stack (LWIR) consist of 25
periods of 500 A A1,Ga..As barrier and a narrow GaAs well. This LWIR QWIP
structure has been designed to have a bound-to-continuum intersubband absorption peak
at 8.5 um, since photo current and dark current of the LWIR device structure are
relatively small compared to the VLWIR portion of the device structure. This whole

-dualband QWIP structure is then sandwiched between 0.5 pm GaAs top and bottom

contact layers doped n = 5 x 10'7 cm™, and has grown on a semi-insulating GaAs
substrate by MBE. Then a 1.0 pum thick GaAs cap layer on top of a 300 A A1l,;Ga),As
stop-etch layer has to be grown in situ on top of the device structure for the fabrication
of a light coupling optical cavity.

The detectors were back illuminated through a 45° polished facet as described earlier and
a simultaneously measured responsivity spectrum of vertically integrated dualband QWIP
is shown in Fig. 44. The responsivity of the LWIR detector peaks at 8.3 um and the peak
responsivity R, of the detector is 260 mA/W at bias Vg = 2.5 V. The spectral width and
the cutoff wavelength of the LWIR detector are AA/A = 19% and A, = 9.3 um
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Fig. 44. Simultaneously measured responsivity spectrum of vertically integrated LWIR and VLWIR
dualband QWIP detector. (Gunapala ez al., 1998a)

respectively. The responsivity of the VLWIR detector peaks at 15.2 um and the peak
responsivity (R,) of the detector is 340 mA/W at bias Vg =-2.0 V. The spectral width and
the cutoff wavelength of the LWIR detector are AAMA = 12% and A, = 15.9 um
respectively. The peak quantum efficiency (45° double pass) of LWIR and VLWIR
detectors were 12.6% and 9.8% respectively at operating biases indicated in Fig. 44. The
peak detectivities of both LWIR and VLWIR detectors were estimated at different
operating temperatures and bias voltages using experimentally measured noise currents
(Gunapala et al., 1998b). The peak detectivities D; of LWIR and VLWIR detectors

were 1.8 x 102 cmVHz/W (at T = 55K and Vg = -1.0) and 1.5 x 10> cmVHz/W (at T =
35K and Vg =-1.0) respectively.

5.7 High Performance QWIPs for Low Background Applications

In this section, we discuss the demonstration of high performance QWIPs for low
background applications by Gunapala et al. (1998b). Improving QWIP performance
depends largely on minimizing the Shott noise of the dark current and improving the
quantum efficiency. Equations (4) and (5) in section 3.2 were used to analyze the dark
current of a QWIP which has a intersubband absorption peak in long-wavelength region.
Figure 45 shows the estimated total dark currents (thermionic + thermionic assisted
tunneling + tunneling), and experimental dark current of a QWIP sample which has a
cutoff wavelength A, = 10 um. According to the calculations, tunneling through the
barriers dominates the dark current at temperatures below 30K, and at temperatures
above 30 K, thermionic emission into the continuum transport state dominates the dark
current.
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Fig. 45. Comparison of experimental (solid curves) and theoretical (dashed) dark current versus bias
voltage curves at various temperatures for a 10 wm cutoff QWIP. (Gunapala et al., 1998a)

For this experiment, eight n-type doped QWIP device structures were grown using MBE.
The quantum well widths L,, range from 35 to 50 A, while the barrier widths are
approximately constant at L, = 500 A. The A1 molar fraction in the A1,Ga,As barriers
varied from x = 0.24 to 0.30 (corresponding to cutoff wavelengths of A, = 8.3 — 10.3 pm).
The photosensitive doped MQW region (containing 25 to 50 periods) is sandwiched
between similarly doped top (0.5 um) and bottom (0.5 wm) ohmic contact layers. These
structural parameters have been chosen to give a very wide variation in QWIP absorption
and transport properties. All eight QWIP samples are n-doped with intersubband infrared
transition occurring between a single localized bound state in the well and a delocalized
state in the continuum. Thus, in the presence of an electric field, the photoexcited carrier
can be effectively swept out of the quantum well region.

All eight QWIP samples were processed into 200 pm diameter mesas (area = 3.14 x 10™*
cm?) using wet chemical etching and Au/Ge ohmic contacts were evaporated onto the top
and bottom contact layers. The dark current versus voltage curves for all samples were
measured as a function of temperature from T = 40-70 K and Fig. 45 shows the current-
voltage curve of one sample. As expected, Fig. 45 clearly shows that the T = 40 K dark
current of these QWIP devices are many orders of magnitude smaller than the dark
current at T = 70 K. This clearly indicates that the dark current of these devices are
thermionically dominant down to 40 K and the tunneling induced dark current is
insignificant.
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The detectors were back illuminated through a 45° polished facet and their normalized
responsivity spectrums are shown in Fig. 46. The responsivities of all device structures
peaked in the range from 7.7 um and 9.7 um. The peak responsivities (Ryp), spectral
widths (AL), cutoff wavelengths (A.) and quantum efficiency photoconductive gain
products (n x g) are listed in Table IV. It is worth noting that ng product of sample four
has increased to 17%. This is approximately a factor of 24 increase in mg product
compared to Mg product of QWIP devices designed for high background and high
temperature operation. This large enhancement was achieved by (i) improving quantum
efficiency per well as a result of higher well doping density, (ii) operating at a higher
electric field, i.e. higher gain. Number of periods in the structure was reduced to 30
(typically 50) in order to increase the applied electric field while keeping operating bias
voltage at the same. The current noise i, was estimated using measured optical gain and
dark current. The peak detectivity D* can now be calculated from D* = R AAf /i, , where
A is the area of the detector and A = 27x27 um?. Table V shows the D* values of both
device structures at various bias voltages at T = 40 K. These data clearly show that
detectivities of 10 pm cutoff QWIPs reach mid 10> cmVHz/W at T =40 K. As shown in
Table V, these detectors are not showing background limited performance (BLIP) for
moderately low background of 2 x 10° photons/cm?/sec at T = 40 K operation. Since the
dark current of these detectors is thermionically limited down to T = 30 K, these detectors
should demonstrated a BLIP at T = 35 K for 2 x 10° photons/cm?/sec background.
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Fig. 46. Normalized responsivity spectra versus wavelength at T=40 K for all samples. (Gunapala et al.,
1998a)
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Table IV. Responsivity spectral parameters of all eight samples. (Gunapala et al., 1998b)

Device Performance
Spectral Reponse (um) (Detector Area 3.1 x 104 cm?)
Peak Rp QE.x Dark Current
Sample }\.p 50% A, Al AW @2V Gain % @ 50K
1 9.6 10.1 1.1 0.65 8.4 1.1 E-11
2 9.4 10.1 1.6 0.61 8.0 8.0 E-11
3 9.3 9.8 1.6 0.38 52 20E-11
4 9.3 9.8 1.2 1.26 17.0 9.0 E-11
5 9.4 10.0 1.8 0.46 6.1 1.0 E-10
6 9.7 10.3 1.5 0.54 5.3 3.0 E-10
7 8.5 8.9 1.0 0.15 22 1.0 E-12
8 7.7 8.3 1.3 0.34 5.5 2.5E-12

Table V. Responsivity, quantum efficiency, photoconductive gain, and detectivity of the first and the
fourth sample at T = 40 K. (Pixel Area: 27 um x 27 um, Background Flux: 2x 109 photons/cm2/sec)
(Gunapala et al., 1998b)

Peak Dark Photo-
W.L. | Bias | Responsivity | Q.E. x |ABS. Q.E.|ABS. Q.E.| Optical [Current @| Current | Detectivity
Sample| (um) | (V) (A/W) |Gain%| @ 300K | @ 40K | Gain | 40K (A) A)  |em HzYYW
1 96 | 1.0 0.24 31 14.1 18.3 0.17 12E-15 | 72E-17 | 5.7E+13
2.0 0.65 8.4 14.1 183 0.46 23E-15 | 1.9E-16 6.8 E+13
3.0 0.66 85 14.1 18.3 047 | 93E-15 | 2.0E-16 | 34E+I3
4.0 0.68 8.8 14.1 18.3 0.48 1.4E-14 | 2.1E-16 | 2.8E+13
4 93 | 1.0 0.43 5.7 17.0 22.1 026 | 7.0E-15 ]| 1.3E-16 | 3.4E+13
2.0 1.26 16.8 17.0 22.1 076 | 9.3E-15 | 3.9E-16 | 5.1E+13
3.0 1.35 18.0 17.0 22.1 0.81 35E-14 | 42E-16 | 2.7E+13
4.0 1.36 18.1 17.0 22.1 082 | 23E-13 | 42E-16 | 1.1E+13

5.8 Broad-band QWIPs for Thermal Infrared Imaging Spectrometers

Until recently, QWIP detectors have been available only over narrow bands (typically
1.0- 2.0 um wide) in the 6 - 20 um spectral range. Bandara et al. (1998b) have developed
a broadband test detector that will cover the 10 -16 um band and FPAs of these detectors
can be mated to a 640x480 multiplexer (see Fig. 47). This detector has been developed
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specifically for thermal infrared imaging spectrometers—anticipating a possible need for
Mars exploration. This program required a thermal infrared imaging spectrometer with
minimum power, mass, and volume. One attractive instrument concept involved a
Spatially Modulated Infrared Spectrometer (SMIS) to cover the LWIR and VLWIR
spectral ranges. This instrument does not contain any moving mirrors because it uses the
spatially modulated Fourier Transform spectroscopy technique. Another advantage of this
concept is that it has a substantially higher signal flux because all of the photons entering
the pupil are used. The high spectral resolution version of this instrument requires larger
format FPAs (at least 640x486) with high pixel to pixel uniformity. The lack of large
format, uniform LWIR and VLWIR FPA technology has prevented the development of
such highly sensitive and robust thermal infrared spectrometers. That has changed
recently due to demonstration of highly uniform, large format QWIP FPAs with lower 1/f
noise, at a lower cost than any other LWIR detector. In addition, the use of external filters
can be avoided because QWIP can be designed to have sharp spectral cut-offs at required
wavelengths. Francis Reininger, at JPL, has demonstrated this concept by building a
prototype laboratory instrument working with a 8-9 um QWIP 640x486 FPA. The
unique characteristic of this instrument (besides being small and efficient) is that it has
one instrument line shape for all spectral colors and spatial field positions. By using
broad-band QWIP arrays with wavelengths out to 16 pum, the next version of this
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Fig. 47. Experimental measurements of the normalized responsivity spectrum of 10-16 um broad-band
QWIP at bias voltage Vg =-4 V. (Gunapala et al., 1998a)

instrument could become the first compact, high resolution thermal infrared, hyper-
spectral imager with a single spectral line shape and zero spectral smile. Such an
instrument is in strong demand by scientists studying Earth and planetary science.
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6. APPLICATIONS
6.1 Fire Fighting

Recently, 256 x 256 hand-held QWIP cameras have been used to demonstrate various
possible applications in science, medicine, industry, defense, etc. A 256 x 256 portable
LWIR QWIP camera helped a Los Angeles TV news crew get a unique perspective on
fires that raced through the Southern California seaside community of Malibu in October,
1996. The camera was used on the station’s news helicopter. This portable camera
features infrared detectors which cover longer wavelengths than previous portable
cameras could. This allows the camera to see through smoke and pinpoint lingering
hotspots which are not normally visible. This enabled the TV station to transmit live
images of hotspots in areas which appeared innocuous to the naked eye. These hotspots
were a source of concern for firefighters, because they could flare up even after the fire
appeared to have subsided. Figure 48 shows the comparison of visible and infrared
images of a just burned area as seen by the news crew in nighttime. It works effectively
in both daylight and nighttime conditions. The event marked the QWIP camera’s debut
as a fire observing device (Gunapala et al., 1998c).

6.2 Volcanology

A similar 256 x 256 LWIR QWIP camera has been used to observe volcanoes, mineral
formations, weather and atmospheric conditions at the Kilauea Volcano in, Hawaii. The
objectives of this trip were to map geothermal features. The wide dynamic range enabled
volcanologists to image volcanic features at temperatures much higher (300 - 1000 C)
than can be imaged with conventional thermal imaging systems in the 3 - 5 um range or
in visible (Realmuto et al., 1997). Figure 49 shows the comparison of visible and infrared
images of the Kilauea Volcano in Hawaii. The infrared image of the volcano clearly
shows a hot lava tube running underground which is not visible to the naked eye.
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(@) VISIBLE (b) QWIP

Fig. 48. Comparison of visible and infrared images of a just burned area as seen by a highly sensitive
visible CCD camera and the long wavelength infrared camera in nighttime. (a) Visible image from a CCD
camera. (b) Image from the 256x256 portable QWIP camera. Infrared imagery clearly enables firefighters
to locate the hotspots in areas which appeared innocuous to the naked eye. These hotspots are a source of
concern for firefighters, because fire can flare up even after it appears to have subsided. (Gunapala et al.,
1998a)

LAVA TUBE

(a) VISIBLE | (b) QWIP

Fig. 49. Comparison of visible and infrared images of the Mount Kilauea Volcano in, Hawaii.(a) Visible
image from a highly sensitive CCD camera. (b) Image from the 256x256 portable QWIP camera. The wide
dynamic range enabled us to image volcanic features at temperatures much higher (300 - 1000 C) than can
be imaged with conventional thermal imaging systems in the 3 - 5 um range or in visible. The infrared
image of the volcano clearly show a hot lava tube running underground which is not visible to the naked
eye. This demonstrates the advantages of long wavelength infrared in geothermal mapping. (Gunapala et
al., 1998a)

6.3 Medicine

A group of researchers from the State University of New York in Buffalo and Walter
Reed Army Institute of Research in Washington DC has used a 256x256 LWIR QWIP
camera in the Dynamic Area Telethecrmometry (DAT). DAT has been used to study the
physiology and patho-physiology of cutaneous perfusion, which has many clinical



70

applications. DAT involves accumulation of hundreds of consecutive infrared images and
fast Fourier transform (FFT) analysis of the biomodulation of skin temperature, and of
the microhomogeneity of skin temperature. The FFT analysis yields the thermoregulatory
frequencies and amplitudes of temperature and HST modulation (HST, which measures
the perfusion of the skin’s capillaries). To obtain reliable DAT data, one needs an
infrared camera in the >8 um range (to avoid artifacts of reflections of modulated
emitters in the environment), a repetition rate of 30 Hz (allowing accumulation of a
maximal number of images during the observation period to maximize the resolution of
the FFT), frame to frame instrumental stability (to avoid artifact stemming from
instrument modulation), and sensitivity of less than 50 mK. According to these
researchers, the longer wavelength operation, higher spatial resolution, higher sensitivity,
and greater stability of the QWIP RADIANCE™ made it the best choice of all infrared
cameras.

This camera has also been used by a group of researchers at the Texas Heart Institute in a
heart surgery experiment performed on a rabbit heart. This experiment clearly revealed
that it is possible to detect arterial plaque built inside a heart by thermography. Figure 50
clearly shows arterial plaque accumulated in a rabbit heart.

Fig. 50. This image shows arterial plaque deposited in a rabbit heart. (Gunapala et al., 1998a)
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6.4 Defense

It is not necessary to explain how real time infrared imaging is important in surveillance,
reconnaissance and military operations. The QWIP RADIANCE™ was used by the
researchers at the Ballistic Missile Defense Organization’s innovative science and
technology experimental facility in a unique experiment to discriminate and clearly
identify the cold launch vehicle from its hot plume emanating from rocket engines.

Usually, the temperature of cold launch vehicles is about 250°C, whereas the
temperatures of the hot plume emanating from launch vehicle can reach 950°C.
According to the Plank’s blackbody emission theory, the photon flux ratio of 250°C and
950°C blackbodies at 4 um is about 25,000, whereas the same photon flux ratio at 8.5 um
is about 115 (see Figure 51). Thus, it is very clear that one must explore longer
wavelengths for better cold-body versus hot plume discrimination (Gunapala et al.,
1998c), because the highest instantaneous dynamic range of infrared cameras is usually
12-bits (i.e., 4096) or less. Figure 52 shows a image of Delta-II launch taken with QWIP
RADIANCE™ camera. This clearly indicates the advantage of long-wavelength QWIP
cameras in the discrimination and identification of cold launch vehicles in the presence of
hot plume during early stages of launch. ‘
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Fig. 52. Image of a Delta-II launch vehicle taken with the long-wavelength QWIP RADIANCE during the
launch. This clearly indicates the advantage of long-wavelength QWIP cameras in the discrimination and
identification of cold launch vehicles in the presence of hot plume during early stages of launch. (Gunapala
et al., 1998a)

6.5 Astronomy

In this section, we discuss the first astronomical observations with a QWIP FPA. In order
to perform this astronomical observation, we designed a QWIP wide-field imaging
multi-color prime-focus infrared camera (QWICPIC). Observations were conducted at
the five meter Hale telescope at Mt. Palomar with QWICPIC based on a 8-9 um 256x256
QWIP FPA operating at T=35 K. The ability of QWIPs to operate under high photon
backgrounds without excess noise enables the instrument to observe from the prime focus
with a wide 2°x2’ field of view, making this camera unique among the suite of infrared
instruments available for astronomy. The excellent 1/f noise performance (see Fig. 53) of
QWIP FPAs allows QWICPIC to observe in a slow scan strategy often required in
infrared observations from space (Gunapala et al., 1998c¢).

Figure 54 compares an image of the Orion nebula obtained in a brief 30 minute
observation with an engineering grade QWIP FPA to a visible image of the Orion nebula
taken with the wide field planetary camera in Hubble Space Telescope (HST). In
addition to the well-known infrared bright BN-KL object in the upper right-hand corner,
careful comparison of the infrared images with optical and near-infrared images obtained
by HST reveal a multitude of infrared sources which are dim or undetectable in visible.
These images demonstrate the advantage of large format, stable (low 1/f noise) LWIR
QWIP FPAs for surveying obscured regions in search for embedded or reddened objects
such as young forming stars.
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(a) (b)

Fig. 54 (a). Visible image of the Orion nebula taken with the wide field planetary camera in Hubble
Space Telescope. (b) 8-9 um infrared image of the Orion nebula taken with an engineering grade 256 x
256 QWIP FAA at five meter Hale telescope at Mt. Palomar. (Gunapala et al., 1998a)

7. SUMMARY

Various types of GaAs/A1GaAs based QWIPs, QWIPs with other materials systems,
figures of merit, light coupling methods, QWIP imaging arrays, and some applications of
QWIP FPAs were reviewed. Our discussion of QWIPs has been necessarily brief and the
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literature references cited are not all inclusive, but represent a selection of key articles
from a historic and technical point of view. Exceptionally rapid progress has been made
in the understanding of intersubband absorption and carrier transport in the QWIP device
structure and practical demonstration of large, sensitive, two-dimensional QWIP imaging
FPAs since they were first demonstrated only several years ago. This remarkable
progress was due to the highly mature III-V growth and processing technologies. As
discussed in sub-section 5.7, an important advantage of QWIPs over the HgCdTe is that,

as the temperature is reduced, D* increases dramatically reaching D; = 1014 cmVHz/W

at T= 30 K and even larger values at lower temperatures. Even though a detailed
discussion of cooling methods are outside of the scope of this chapter, it should be noted
that advances in cooling technologies have kept pace with the detector developments.
Efficient, light-weight mechanical and sorption coolers have been developed that can
achieve temperatures down to 10 K. Thus, when QWIP technology utilizes the advanced
cooling technologies, it can easily meet the stringent spectroscopic and imaging
requirements of ground based and space borne applications in the LWIR and VLWIR
spectral bands. As discussed in sections 5 and 6, rapid progress has been made in the
performance (NEAT) of long-wavelength QWIP FPAs, starting with bound-to-bound
QWIPs which had relatively poor sensitivity, and culminating in high performance
bound-to-quasibound QWIP FPAs with various light coupling schemes. In conclusion,
very sensitive , low cost, large (2048x2048) LWIR and VLWIR QWIP FPAs can be
expected in the near future.
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